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Editorial 


Genome editing is a technology that has been embraced swiftly and enthusiastically 
by plant researchers, innovators and breeders across the world in the past decade. Its 
impact can hardly be overestimated. A quick search for “plant genome editing” in 
the Web of Science shows over 8300 scientific publications in 2013-2023, with a 
steady and considerable growth in numbers per year. The COST Action PlantEd 
(CA18111), funded by the European Cooperation in Science and Technology pro- 
gramme (www.cost.eu), represents a European-based network of more than 600 
experts on plant genome editing that has monitored, and led the progress in this field 
since 2019. When it started, highly controlled CRISPR/Cas-based advancements 
such as base editing and prime editing were barely more than conceptual ideas in 
plants whereas these are now being used for various applications (Betiil Kaya). 
Novel delivery methods have been developed (Doyle Prestwich et al.), guide RNA 
design and validation is steadily improving (Dorso) and the screening as well as 
functional prediction of resulting mutations are increasingly efficient (Vereecke 
et al.). This technology now also allows for the editing of entire gene families (Avci 
and Sipahi) as well as avoiding linkage drag and other undesired side effects (Wind), 
which are considerable improvements to conventional plant breeding. All these 
novel methods and improvements of genome editing offer to plant scientists and 
breeders multiple strategies for enhancing crop production, crop protection, food 
quality and climate change adaptation (citing Part V, Future Outlook). 

To date, genome editing has been applied in a wide range of crops, including 
wheat (Nigro et al.; Smulders et al.), barley (Jakobson et al.; Pouramini and Hensel), 
maize (Varotto), legumes (Das and Acharjee; Dervishi et al.), soybean (Oztolan 
Erol), oilseed rape (Boniecka), tomato (Scarano and Santino; Garcia-Caparrés), 
chicory (Cankar et al.), various horticultural plants (Mahna and Nayeri), fruit trees 
(Claessen et al.), forest trees (Bruegmann et al.) and also algae (Opsahl-Sorteberg 
and Evju; Evju and Opsahl-Sorteberg). 

The plant breeding sector stresses the importance of innovations in breeding with 
genome editing for contributing to solving many important societal challenges 
(Jorasch and Vangheluwe). At the same time, the technology is surrounded by con- 
troversy, particularly in Europe (Kuntz), and the number of concerned EU citizens 
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seems to be increasing (Ichim). In addition, acceptability of collaborative licensing 
platforms to overcome the difficulties created by the complex patent landscape of 
CRISPR technology is lacking (Ricroch). A survey conducted in Poland identified 
knowledge gaps and low awareness on genome editing (Molodziejko et al.); how- 
ever, a study in Germany suggests that strong moral convictions may hinder effec- 
tive science communication (Waldhof). One result of this societal controversy is 
that plant genome editing remains regulated in the EU to the extent that innovations 
are hindered (Zimny; Sprink and Wilhelm). It is therefore important to discuss what 
types of reforms are necessary to allow society to reap the benefits that this technol- 
ogy can bring. In this context, it is important to compare the EU views with the 
approaches to genome editing and other novel gene technologies being taken in 
other parts of the world (Sprink and Wilhelm; Rosado). 

This book represents a snapshot of the latest advancements in the field of plant 
gene editing, together with perspectives from many other disciplines such as social 
sciences and law. It is our hope that this book will contribute to illuminate the road 
ahead for this very important technology and that it will serve as inspiration and 
guidance for a wide range of stakeholders. 
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Part I 
Plant Breeding and Technological 
Advances 


Chapter 1 
Genome Editing of Gene Families for Crop s 
Improvement 


Utku Avci and Hülya Sipahi 


Abstract Crop improvement has been a long-standing focus of agricultural 
research, aiming to enhance nutritional richness, aroma, visual appeal, and yield to 
meet the growing global food demand. Recent advances in molecular biology and 
genetic engineering, particularly genome editing, offer precise and targeted tools 
for modifying crop genomes. Traditional plant breeding methods, while successful 
in the past, are time-consuming, and techniques like mutagenesis and transgenesis 
have limitations. Genome editing techniques provide unprecedented precision and 
enable scientists to make desired modifications to a plant's DNA. This chapter 
explores the role of genome editing, specifically in gene families, for crop improve- 
ment, highlighting its potential benefits and challenges. 

Gene families are crucial for important crop traits like yield, disease resistance, 
and environmental adaptation. However, conventional breeding methods often 
struggle to effectively manipulate gene families due to their complex nature. 
Genome editing offers a promising solution by allowing targeted modifications to 
specific gene family members. The precision of genome editing tools can help 
unravel the functions of gene family members in diverse plant species. 

With the challenges posed by climate change, global conflicts, and population 
growth, the conventional food system falls short of meeting future demands sustain- 
ably. Genome-edited crops hold promise in obtaining elite genotypes with desirable 
traits, contributing to a resilient and sustainable agriculture and food system. 
Moreover, genome editing facilitates the study of genetic diversity that governs 
desirable crop characteristics, benefiting both genome-edited and conventionally 
bred crops. 
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1 Introduction 


Crop improvement has been the main target of agricultural research for centuries in 
comprehensive areas such as increasing the nutritional richness of foods, obtaining 
aromatic foods with pleasant smell and taste, producing decorative products that 
appeal to visual pleasures, while increasing the yield, especially to meet the increas- 
ing food demand of the global population. In recent years, advances in molecular 
biology and genetic engineering have provided new tools for crop improvement. 
Genome editing, in particular, has emerged as a promising technique for modifying 
the genome of crops in a precise and targeted manner [1, 2]. 

The process of conventional plant breeding is time-consuming despite its signifi- 
cant contribution to the first green revolution in the 1960s. The introduction of 
molecular marker-assisted selection has helped to speed up the process of plant 
breeding. Techniques such as mutagenesis and transgenesis have helped to reduce 
the time required to develop new varieties. However, mutagenesis is a random pro- 
cess that can have undesirable side effects or can result in incomplete and off-target 
disruption of genes. Genetically modified transgenic plants can also face regulatory 
challenges. Unlike traditional genetic engineering methods, which involve the 
insertion of foreign DNA into an organism’s genome, genome editing allows scien- 
tists to make precise modifications to the existing DNA sequence. Genome editing 
can be accomplished through different techniques, including CRISPR-Cas9, 
TALENSs, and Zinc Finger Nucleases (ZFNs) [2]. These tools offer an unprece- 
dented level of precision, enabling scientists to make precise, targeted changes to a 
plant’s DNA, resulting in desired traits [3]. 

Gene families are groups of genes that share a similar DNA sequence and func- 
tion. They often play critical roles in crop traits such as yield, disease resistance, and 
environmental adaptation. Although members of a gene family have different spe- 
cialized functions, they share a common purpose. Therefore, it is important to 
understand and define the functions of gene family members involved in important 
plant development or stress resistance in different plant species. Traditional breeding 
methods are often unable to effectively target and manipulate gene families, as they 
may contain many members that have overlapping functions or redundancies [1]. 

The food system faces challenges such as sustainability and food supply stem- 
ming from climate change, global conflicts and increasing population [4]. 
Conventional breeding and agricultural practices come short in terms of meeting the 
current and future food demand. Therefore, it is necessary to have different 
approaches to ensure a more resilient and sustainable agrifood system. In this sense, 
genome-edited crops have the potential to play a role in obtaining elite genotypes 
with desirable traits in plant breeding. Besides, genome editing has another advan- 
tage, as it enables the study of genetic diversity that governs desirable crop charac- 
teristics. The knowledge that comes out of such studies could be used in the 
development of a genome-edited crop as well as in conventional breeding. 

In this chapter, we explore the role of genome editing of gene families in crop 
improvement, its potential benefits, and its challenges. 


1 Genome Editing of Gene Families for Crop Improvement 5 
2 Benefits of Genome Editing in Crop Improvement 


Genome editing has several potential benefits for crop improvement. One of the 
most significant advantages is its precision. Unlike traditional genetic engineering 
techniques, which often involve the insertion of foreign DNA into an organism’s 
genome, genome editing allows scientists to make precise modifications to the 
existing DNA sequence. This precision means that genome editing can be used to 
introduce desirable traits into crops without introducing unwanted traits or disrupt- 
ing existing genes [1, 3]. 

Another advantage of genome editing is its efficiency. Traditional breeding 
methods can take many years to develop new crop varieties with desirable traits. In 
contrast, genome editing can produce changes in the DNA sequence in a matter of 
weeks or months. This speed and efficiency mean that genome editing can be used 
to rapidly develop new crop varieties that are better adapted to changing environ- 
mental conditions, such as drought or disease resistance. 

According to a survey of experts on the added potential benefits of genome- 
edited crops compared to those developed through genetic modification and con- 
ventional breeding, there is a consensus among experts on the enhanced agronomic 
performance and product quality of genome-edited crops over alternatives [5]. The 
majority of experts indicated that genome editing enables faster trait development, 
lower R&D costs, and trait innovation [6]. High-oleic soybean in the US and tomato 
with increased -aminobutyric acid (GABA) levels in Japan are two current genome 
edited crops in the market. New ones are expected to follow in the coming years. 

In recent studies, the functions of members of gene families have been investi- 
gated by many different types of mutation, including knock-out, base editing and 
allele exchange with multiplex sgRNAs for targeted genes with CRISPR/Cas9 tech- 
nology. Their role in crop improvement has been summarized in Table 1.1 and dis- 
cussed below in terms of improved agronomic traits, disease resistance, quality, and 
nutritional content. 


2.1 Improved Agronomic Traits 


Genome editing can be used to enhance the yield of crops by improving their resis- 
tance to environmental stressors, such as drought, heat, and cold. By modifying 
specific genes, scientists can increase the plant's ability to cope with adverse condi- 
tions, leading to improved yield. 

Allelic variants of the ARGOSS gene belonging to the ARGOS gene family were 
obtained by CRISPR gene editing in maize. These allelic variants were the negative 
regulator of ethylene responses [7]. The ARGOS8 variants had high levels of 
ARGOSS transcripts relative to the native allele and increased grain yield under 
flowering stress conditions and had no yield loss in arid conditions. 
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In order to understand the function of BnaPLDal genes of Phospholipase D 
Gene Family in Brassica napus, BnaPLDa1 gene was over-expressed and knocked 
out by CRISPR. Four lines were edited at one seRNA site and two lines were edited 
at two sgRNA sites [8]. Compared to the wild type, the PLDa! protein was found 
to be more expressed in the over-expressed edited lines while less or not expressed 
in the knockout lines. When the plants were planted in the field, the plant height was 
not different between overexpression lines and wild type, but the plant heights of the 
knocked-out lines were shorter, indicating that the appropriate dose of PLDa1 was 
required to maintain the normal growth of the plant, indicating that further increase 
of PLDo1 level had limited effect on it. Many agronomic traits such as plant height, 
effective branches, silique number in inflorescence, silique seed number were 
adversely affected in lines with reduced PLDo1 levels [8]. These findings proved 
that BnaPLDal regulation changes the agronomic traits of B. napus. 

The loss of function lines of OsOTS/ gene enhanced sensitivity to salt with 
reduced root and shoot biomass, suggesting it plays a role in salinity stress. 
Mutagenesis of OsOTS] gene of SUMO proteases gene family to reveal its role 
against salinity stress was targeted in rice [9]. To investigate the usability of tran- 
scription factor (basic helix-loop-helix (bHLH)) sub-U family genes in breeding rice 
varieties under salinity stress conditions in rice (Oryza sativa L.), loss of function 
lines of OsbHLH024 and OsbHLH044 genes was generated by the CRISPR/Cas9 
system [10, 11]. The gene editing mutant lines revealed altered morphological and 
physiological phenotypes. OspHLH024 mutant lines had increased shoot weight, the 
total chlorophyll content, and the chlorophyll fluorescence. They had less reactive 
oxygen species and stabilized levels of MDA, fewer Na+ but more K+, and a bal- 
anced level of Ca**, Zn**, and Mg”* in the shoot and root. Therefore, it was concluded 
that the OsbHLHO024 gene improves salt stress resistance by playing a role as a nega- 
tive regulator [10]. Considering OsbHLH044 mutant lines, they showed reduced 
morphological and physiological parameters, lower antioxidant activities and higher 
lipid peroxidation and hydrogen peroxide (H,O2) accumulation. The loss-of-function 
of this gene also altered the expression of ion homeostasis-related genes (OsHKTs, 
OsHAK, OsSOSs, and OsNHX) and ABA-responsive gene (OsLEA3). The mutant 
synthesized less stored starch and proteins because of decreased expression of genes 
coding for starch (OsAGPLI, OsSSIa, OsWx, and OsFLO2) and seed storage pro- 
teins (GluAI and Globulin 1). It was concluded that the OsbHLH044 gene plays 
a role as a positive regulator of salt stress and grain quality [11]. 

In rice, three genes (Os03g0603100, Os03g0568400, GL3.2) of cytochrome 
P450 family and OsBADH2 were multiplex edited with CRISPR/Cas9 and their 
novel alleles were generated [12]. The high performance of mutant plants homozy- 
gous for grain width, grain length, and grain fragrance was recorded. Also, the 
mutant plants showed high level 2-acetyl-1-pyrroline (2AP). It has been concluded 
that the edited plant in this study could be used as valuable genetic material for crop 
breeding to improve rice yield and quality. 

Indel mutations in the JaSPL13 gene of SQUAMOSA promoter-binding protein- 
like (SPL) transcription factors gene family were created to increase grain yield in 
bread wheat (Triticum aestivum) [13]. The microRNA 156 recognition element 
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indel mutations in 3’ UTR of TaSPL13 brought about the abundance of TaSPL13 
transcripts and a decrease in flowering time, tiller number, and plant height and the 
consequent grain size and number increased in the mutant plants. 

Eleven members of the Cytokinin oxidase/dehydrogenase gene family (OsCKX1- 
OsCKX11) were knocked out using CRISPR/Cas9 and CRISPR-Cas12a to reveal 
their functions in rice [14]. CRISPR-Cas12a performed better than CRISPR-Cas9 
for generating multigene mutants. The OsCKX members showed functional redun- 
dancy and affected plant development, seed quality, and starch composition by 
regulating endogenous cytokinins. OsCKX1/2 and OsCKX3/8/10 genes had roles in 
the control of panicle architecture and grain number. OsCKX4/5/9 genes regulated 
the development of roots and plant height and tillers. 

Knock-out and over-expression of SILBD40 (Solyc02g085910) gene of The 
Lateral Organ Boundaries Domain (Lbd) Protein Family were created to understand 
its role against drought stress in tomato [15]. The results showed that S/LBD40 
knock-out lines had improved water-holding ability and relieved the physical harm 
of the photosynthetic system of tomato seedlings, while S/LBD40 overexpressing 
plants showed vigorous wilting symptoms under drought stress, suggesting that 
SILBD4O0 is a negative regulator of drought tolerance. 

In order to increase photosynthetic efficiency in tetraploid tobacco (Nicotiana 
tabacum), it was aimed to obtain novel alleles of genes (rbcS) coding the small 
subunit of CO,-fixing enzyme Rubisco family so that the efficiency of carbon 
assimilation through better Rubisco enzymes could be increased [16]. The pheno- 
typing analysis of mutant plants showed reduced Rubisco content, photosynthetic 
rates, and biomass accumulation. In this study, it has been shown that it is possible 
to produce superior non-native Rubisco enzymes by multiplex gene editing with 
CRISPR/Cas9 in polyploid species. 

The function of the OsPMEI/2 gene, which belongs to the pectin methylesterase 
inhibitors (OsPMEI) gene family for growth, cell wall development, and response 
to phytohormone and heavy metal stress, was elucidated by mutating it in rice 
(Oryza sativa L.) [17]. It has been revealed that the OsPMEI/2 gene plays a role in 
the regulation of methyl esterification during growth, thus pectin status is controlled 
by hormones and cadmium stress. 

Discovery of genetic male sterility (GMS) genes will allow to unravel the molec- 
ular mechanism of anther development and to develop male sterility systems for 
crop breeding and hybrid seed production. Therefore, the researchers focused on 
elucidating the roles of the transcription factors genes (bHLH, bZIP, MYB, PHD 
and LBD gene families) responsible for the GMS agronomic trait in highly heterosis 
maize [18]. Mutation of transcription factor gene families with CRISPR yielded the 
following results; that ZmbHLH51 and ZmbHLH122 are necessary for male fertility, 
ZmTGA10 has affected anther dehiscence. ZmMYB84 is essential for maize 
pollen development. ZmPHD11 is responsible for the formation of anther cuticle 
and Ubisch bodies. Two MYB33 paralogs are important for GMS. ZmLBD27 has an 
impact on the reduced ratio of normal pollen grains. ZmPHD1 1/27 influenced via- 
ble pollen formation. 
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Two homologous genes (Bra018924 and Bra014296) of PP2A, a 55 kDa B regu- 
latory subunit (PR55/B), were edited through the CRISPR/Cas9 system to develop 
self-compatible lines controlled by type 2A serine/threonine protein phosphatases 
(PP2As) in Chinese cabbage [19]. The PR55/B gene knock-out line did not show 
self-incompatibility and produced seeds, suggesting that the PR55/B gene was 
responsible for the self-incompatibility. 


2.22 Improved Disease Resistance 


Plant diseases are a significant threat to crop productivity, with losses estimated to 
cost billions of dollars annually. Genome editing can be used to enhance the resis- 
tance of crops to diseases by editing genes that encode for disease resistance. 

MicroRNAs act as regulators of the plant immune system by silencing the genes 
involved in pathogen virulence or by regulating the expression of target genes. 
MicroRNAs belonging to the miRNA482/2118 superfamily targeted R-genes of the 
class NBS-LRR (nucleotide-binding site-leucine rich repeat). In tomato, knockout 
mutants for SlymiR482e-3p gene, a member of the miR482/2118 family, were gen- 
erated to detect its role against tomato wilt disease resistance [Fusarium oxysporum 
f. sp. lycopersici (race 2) (Fol)] [20]. The results showed that SlymiR482e-3p gene 
negatively regulated the resistance to wilt disease. In another study with miR482 
gene family in tomato, mutations in the two genes (miR482b and miR482c) were 
generated [21]. The expression levels of their target NBS-LRR genes were 
increased, followed by reduced late blight, caused by Phytophthora infestans, dis- 
ease symptoms in mutant plants. Interestingly, it was concluded that knocking out 
these two genes could lead to expression perturbation of other miRNAs, suggesting 
cross-regulation between miRNAs. In cotton (Gossypium hirsutum L.), the MIR482 
mutant collection was obtained by knocking out MIR482 genes in miR482 gene 
family with dozens of members using CRISPR/Cas9. This mutant collection allow 
us to examine the role of individual MIR482 genes against pathogen response and 
to identify miR482-NLR module(s) that respond to, particularly fungal pathogen 
Verticillium dahliae agent for Verticillium wilt and other pathogens. It has also been 
reported that this collection may be a useful genetic resource for the development of 
new disease-resistant cotton varieties [22]. 


2.3 Improved Quality 


Quantitative trait loci (QTLs) are genomic regions that are associated with complex 
traits such as crop quality. QTLs can be used to improve crop quality by identifying 
genomic regions associated with desirable traits. Many genes in QTLs have been 
targeted with genome editing. 
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Starch branching enzymes (SBEs) are involved in the biosynthesis of starch in 
plants and there have been several studies on the use of genome editing SBE genes 
in crops to modify starch content and properties. For example, one study used 
CRISPR-Cas9 RNP-method to induce mutations in SBE genes to develop a unique 
potato starch lacking branching [23]. Another study used CRISPR/Cas9 to generate 
high-amylose rice by targeting SBEI and SBEIIb genes [24]. 

In Brassica napus, an oilseed plant that is the raw material for both cooking oil 
and biodiesel production, loss-of function of the BnLPAT2 and BnLPATS genes 
belonging to lysophosphatidic acid acyltransferase (LPAT) family allowed to lay 
out their precise roles in oil biosynthesis. That is, the oil content decreased, the size 
of oil body increased in mutant lines [25]. The results of this study illustrated that 
these genes could be used for oil production improvement. 

In order to prevent enzymatic browning, negatively affecting tubers during har- 
vest and post-harvest procedures, researchers targeted the Polyphenol Oxidases 
(PPOs) gene family and mutated the StPPO2 gene in Solanum tuberosum L. [26]. 
A lower PPO causing oxidation of polyphenols (natural antioxidants) in tuber was 
observed in mutant lines and enzymatic browning was reduced. Another study with 
the polyphenol oxidases (PPOs) gene family was carried out in eggplant (Solanum 
melongena L.) [27]. In this study, the researchers stated that it would be possible to 
develop eggplant varieties that retain a high polyphenol content beneficial to human 
health in the berries during harvest and post-harvest processes by knocking out the 
three genes (SmelPPO4, SmelPPOS5, SmelPPO6). 


2.4 Improved Nutritional Content 


Genome editing can also be used to enhance the nutritional content of crops by 
increasing the levels of essential nutrients, such as oil, phenolic acid, vitamins and 
minerals [4]. This is particularly important in developing countries, where nutrient 
deficiencies are prevalent and access to a diverse diet is limited. 

The oleic acid content of soybean seeds was modulated by knocking out 
GmFAD2-1A and GmFAD2 genes belonging to the fatty acid desaturase (FAD2) 
family [28]. The loss of function of these genes has paved the way for cultivating 
soybean genotypes with high oleic acid content. 

In Salvia miltiorrhiza, the SmLACs genes of the laccase family, which has 29 
family members with high homology, were multiplex silenced by targeting their 
conserved sequences to reveal their role in the production of medicinal phenolic 
acid compounds [29]. It has been concluded that SmLACs play a role in lignin for- 
mation and phenolic acid biosynthesis in the roots due to decreased expression of 
target genes and delayed hairy root development, larger and looser xylem cells, low 
RA and SAB accumulation, and very low lignin content in edited lines compared to 
wild types. 
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By knocking out six genes (BBLa, BBLc, BBLd.2, BBLb, BBLd.1, BBLe) belong- 
ing to the berberine bridge enzyme-like (BBL) family using a single sgRNA, a 
nicotine-free tobacco variety was developed and the amount of nicotine was reduced 
[30]. In this way, the use of nicotine-free tobacco by smokers may protect their health. 

The genes in a- and y-gliadin gene families were silenced using six sgRNAs, and 
a less allergenic bread wheat variety containing gluten with fewer immunogenic 
epitopes, which would be beneficial in the diet of coeliac patients, was obtained 
[31]. A less allergenic durum wheat variety was produced [32]. The multiplex edit- 
ing of CM3 and CM16 genes belonging to «-amylase/trypsin inhibitors (ATI) fam- 
ily subunit U form was carried out using seven gRNAs targeting the two genes of 
interest. The editing of these genes decreased the amount of ATI transcripts. It was 
reported that this might have happened due to nonsense-mediated mRNA decay. 
Interestingly, it was noted that ATI 0.28 pseudogene were activated after knocking 
out CM3 and CM6 genes. 


3 Challenges of Genome Editing in Crop Improvement 


Despite its potential benefits, genome editing in crops also faces several challenges. 
One of the biggest challenges is the regulatory landscape. Many countries have 
regulations that govern the use of genetically modified organisms (GMOs), and it is 
not yet clear how gene-edited crops will be regulated. In some cases, gene-edited 
crops may be subject to the same regulations as GMOs, even though the changes 
made to the DNA sequence are much smaller and more precise. 

Another challenge is the potential for unintended consequences. Although 
genome editing is a precise technique, there is still a risk of off-target changes in the 
host genome [4]. These unintended changes could have unforeseen consequences 
for the crop’s performance or safety. To mitigate this risk, scientists must employ 
rigorous testing and validation processes to ensure that the desired changes are 
made without causing any unintended effects. Therefore, it is important to carefully 
assess the safety and efficacy of gene-edited crops before they are released into the 
environment or consumed by humans. 


4 Summary 


Genome editing is a promising technique for crop improvement that has the poten- 
tial to produce crops that are better adapted to changing environmental conditions 
and have improved nutritional content. However, there are also challenges that need 
to be addressed, including regulatory issues and potential unintended consequences. 
With careful consideration and regulation, genome editing has the potential to revo- 
lutionize crop improvement. 
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The use of genome editing in crop improvement also raises ethical consider- 
ations. For instance, there are concerns around the ownership and control of the 
technology, as well as the potential for gene-edited crops to create new monopolies 
in the seed industry. Inadequate stewardship, enhanced inequity between rich and 
poor, lack of transparency, an unclear intellectual property landscape, and inade- 
quate public sector institutional infrastructures to support the use of genome-editing 
technologies are also challenges that need to be addressed [33]. 

Regulatory policy is another challenge. The global regulatory policy for genome- 
edited crops is still emerging and will shape the path of genome editing innovation. 
Genome editing is a relatively new technology, and its regulatory framework is still 
evolving. The regulation of gene-edited crops varies between countries, with some 
countries adopting a more stringent approach than others. As genome editing tech- 
niques become more widespread, there is a need for a coordinated global approach 
to regulating their use in agriculture to ensure that the technology is used responsi- 
bly and safely. 
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Chapter 2 A 
Base Editing and Prime Editing egies 


Hilal Betul Kaya 


Abstract The development of new adaptations of CRISPR-based genome editing 
platforms, such as base editing and prime editing, made it possible to broaden the 
scope and applications of genome editing in plants. First base editing and, more 
recently, prime editing evade the creation of double-stranded breaks in deoxyribo- 
nucleic acid (DNA) and the requirement of donor template of DNA for repair while 
enhancing editing efficiency and product purity over CRISPR/Cas9. As base-pair 
changes in genomic DNA determine many significant agronomic traits, crop variet- 
ies can be developed by precisely converting specific single bases in plant genomes. 
While base editing can introduce specific nucleotide changes, such as transition and 
transversion mutations in the targeted region, prime editing can create precise inser- 
tions, deletions, and all 12 types of point mutations using the “search-and- 
replace” method. 

This chapter provides the basic principles of base editing and prime editing tech- 
nologies and their practical applications in plants. The chapter also summarizes the 
recent breakthroughs in applying base and prime editors in diverse plant species, 
including their use in improving disease resistance, herbicide resistance, nutritional 
quality, crop yield, and quality. Finally, this chapter aims to clearly understand base 
editing and prime editing in plants by outlining potential developments. 


1 Base Editing 


Base editing is a novel genome editing method that creates transition and transver- 
sion mutations at the single-base level without double-stranded DNA breaks, donor 
templates, or undesirable effects of NHEJ and HDR mechanisms [1, 2] (Fig. 2.1a). 
Since base editors (BEs) considerably minimize unintended modifications, they 
show great potential in plant genome editing applications [3]. Base editor combines 
a catalytically impaired Cas protein with a nucleotide deaminase to convert one 
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Fig. 2.1 Schematic diagrams of base editors. (a) Graphical overview of the transition and trans- 
version base-pair substitutions in base editing, (b) Cytosine base editors (CBE) mediate C-to-T 
conversion, (c) Adenine base editors (ABE) mediate A-to-G conversion, (d) Glycosylase base 
editors (CGBE) mediate transversion mutations 


base to another at a target locus in DNA or RNA [4, 5]. First, the Cas protein-gRNA 
complex binds to its target locus in DNA, and then the Cas protein denatures the 
double-stranded DNA resulting in an R-loop that exposes a small segment of single- 
stranded DNA [6]. Next, the deaminase enzyme catalyzes the specific base conver- 
sion in this single-stranded DNA. Finally, the permanent introduction of single-base 
substitutions resulted in the target region through DNA repair and replication [5]. 
The first developed base editors, cytosine base editors (CBEs), convert a cytosine 
(C) to thymine (T) and guanine (G) to adenine (A) in the opposite strand) in the 
target region [5] (Fig. 2.1b). In 2016, David Liu group created the first-generation 
base-editor (CBE1) by fusing a rat cytidine deaminase (rAPOBEC1) to the N termi- 
nus of dCas9 (dead Cas9) via a 16 amino acid XTEN linker [5, 7]. Although CBE1 
successfully converts C:G to T:A in vitro, the base excision repair mechanism 
(BER) recognizes any G:U base pair as a mismatch and removes the uracils with the 
help of uracil N-glycosylases (UNGs) in vivo. To address this limitation and improve 
its efficiency, CBE2 was developed by adding a uracil DNA glycosylase inhibitor 
(UGI) to the C-terminus of dCas9 (dead Cas9) via a 4-amino acid linker [5, 8]. With 
this new version, editing efficiency was increased three times compared to CBE1 
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due to the inhibition of uracil DNA glycosylase (UDG) in the organism by UGI. To 
increase editing efficiency, CBE3 was developed by replacing the dCas9 with a 
nCas9 (H840, HNH catalytic domain) nickase variant. In this new version, nCas9 
would induce a nick in the G-containing DNA strand, which activated the cellular 
mismatch repair (MMR) mechanism [5, 7]. This MMR mechanism replaces the G 
on the nicked strand with an A, forming a U:A pair with the target strand. The U:A 
pair was later corrected, leading to the desired T:A substitution. While inhibition of 
BER by using UGI in CBE2 enhanced editing efficiencies approximately threefold, 
the nicking strategy of CBE3 increased efficiencies by up to sixfold compared to 
CBE2 in human cells [5]. CBE in plants was first implemented in rice [9-11] and 
then adapted to various plants species such as wheat [11, 12], Arabidopsis [13, 14], 
maize [11], potato [15, 16], tomato [15, 16], cotton [17], watermelon [18], soybean 
[19], apple [20], pear [20], strawberry [21], rapeseed [22], P. patens [23] and poplar 
[24] quickly CBE-mediated genome editing used for different purposes, such as 
obtaining disease and herbicide resistance, accelerating crop domestication, and 
increasing yield and nutrient use efficiency in various plants, has been summarized 
in Table 2.1 (also reviewed in [25, 26]). 


1.1 Improving the Base Editing Efficiency 


With a better understanding of the molecular functions of deaminases, adenine base 
editors (ABEs) are developed for inducing A*T to GeC conversions with high effi- 
ciency [27] (Fig. 2.1c). ABEs use engineered transfer RNA adenosine deaminases 
(TadA) derived from E. coli, which bind to ssDNA and deaminates A into inosine 
I. The use of ABEs overcomes the limitation of CBEs, which can only edit C or G 
bases, and provides a broader range of base transformation options. Unlike CBEs, 
ABEs do not need to suppress the activity of alkyl adenine DNA glycosylase (AAG) 
[28, 29]. Over time, various optimization strategies were implemented, including 
TadA mutations and using varying lengths of the linker between TadA and nCas9 
(D10A) to enhance the editing efficiencies of ABEs [25, 27, 30]. Various variants 
(ABE 6.3, ABE 7.8, ABE 7.9, ABEmax, etc.) of ABEs have been developed and 
implemented in mammalian cells [8, 27] and then rapidly adapted to plant cells. Li 
et al. [31] used ABE-mediated base editing to edit rice’s acetyl-coenzyme A carbox- 
ylase (ACC) gene to confer herbicide resistance. To create A-T to G-C conversion in 
OsMPK6, OsSERK2, and OsWRKY45 in rice, a florescence-tracking ABE was 
developed and successfully implemented by obtaining up to 62.3% editing effi- 
ciency [32]. In a proof-of-concept study, Kang et al. [33] edited the PDS gene in 
Arabidopsis thaliana and Brassica napus by creating a single amino acid substitu- 
tion using ABE. Hua et al. [34] compared two different ABE versions (ABE-P1S 
and ABE-P1) to increase efficiency in rice. Like CBEs, ABEs were also imple- 
mented in various plants, as shown in Table 2.1. 
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Since CBEs and ABEs mainly generate base transitions, C-to-G base editors 
(CGBEs) were developed by modifying CBEs to generate a new tool suitable for 
C-G to-G-C transversion (Fig. 2.1d). Instead of the UGI inhibitor used in CBEs, 
CGBEs include Uracil-N-glycosylase (UNG), which locates U in the DNA and 
eliminates it [35], promoting the BER pathway and improving uracil glycosylation. 
CGBEs were first developed in human cells, including a UNG fused to nCas9 nick- 
ase (DIOA) and a cytidine deaminase rAPOBEC! or its engineered form rAPO- 
BEC1 (R33A). Because of the promising editing results of CBEs and ABEs in 
plants, Sretenovic et al. [24] modified the CGBE method for plants which is proven 
to work in human cells [36-38]. They tested three versions of CGBEs in rice, 
tomato, and poplar and obtained different editing efficiencies from CGBEs in dif- 
ferent plants. Tian et al. [39] developed CGBEs for rice by optimizing the codon of 
UNG and by using three highly active deaminases, hAID, hA3A, and Anc689. They 
tested optimized CGBEs in five different rice genes and obtained successful C-to-G 
conversions with an average frequency of 21.3% [39]. Another CGBE-mediated 
genome editing in rice was reported by Zeng et al. using the highly active cytidine 
deaminase evoFENRY and the PAM-relaxed Cas9-nickase variant Cas9n-NG with 
rice and human UNG [40]. Although their CGBEs achieved C-to-G conversions up 
to 27.3% in rice, they did not achieve significant C-to-G performance, contrary to 
previous studies on mammalian cells [40]. Recently, monocot plant-compatible 
CGBEs were developed in rice protoplasts, and low editing efficiency was obtained 
[41]. Similar to previous CGBE studies in plants, this study also emphasizes that 
further improvements are necessary to enhance the editing efficiency of plant 
CGBESs for versatile applications [41]. 

As a result of several attempts to increase base editing efficiency, dual base edit- 
ing technology which combines both ABEs and CBEs into a single base editor, was 
developed. Dual base editors convert C-G to T-A and A-T to G-C mutations simul- 
taneously in the target site using a single gRNA [42]. Various dual-base editing 
platforms have been developed for mammalian cells (SPACE, A&C-BEmax, Target- 
ACEmax, and ACBE) [42-45] and plants (STEMEs) [46]. STEMEs (saturated tar- 
geted endogenous mutagenesis editors), a fusion of nCas9 with both deaminases, 
APOBEC3A/ecTadA, was first tested in the OsACC gene to obtain herbicide- 
resistant rice mutants [46]. 

Applications of base editors in plants are presented in Table 2.1 by highlighting 
the plant species, target genes, type of BE, purpose of the targeted mutation, and 
delivery technique of the reagents. 


2 Prime Editing 


In 2019, David Liu’s group introduced prime editing, a ‘search and replace’ tool 
that can perform any intended changes, including all 12 possible base-to-base con- 
versions, insertions, and deletions without requiring DSBs or donor DNA templates 
[78] (Fig. 2.2a). Prime editor is a versatile, precise genome editing tool that is 
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Fig. 2.2 Schematic diagrams of prime editors, (a) Graphical overview of the edits including inser- 
tions, deletions, transition, and transversion base-pair substitutions in prime editing, (b) Prime 
editors consist of a Cas9 nickase domain fused to a reverse transcriptase domain 


composed of a Cas9 nickase (nCas9; H840A mutation) fused to an engineered 
reverse transcriptase (RT) and a prime editing guide RNA (pegRNA) containing a 
primer binding site (PBS) and an RT template (Fig. 2.2b). When pegRNA is deliv- 
ered into a cell, Cas9 nickase (nCas9; H840A mutation) recognizes and breaks the 
non-complementary strand of the DNA three bases upstream of the PAM site. The 
PBS hybridizes with the bases upstream of the nCas9 (H840A)-generated nick and 
RT template encodes desired edits and directs reverse transcription. Then the new 
DNA containing the desired edit is integrated, and the unedited strand is repaired to 
match the edited strand by a cellular DNA repair system [78]. 

Anzalone et al. [78] presented three versions of prime editing system in their first 
article on prime editing. The first prime editor (PE1) incorporates wild-type reverse 
transcriptase from commercial Moloney murine leukemia virus (M-MLV) with 
Cas9 (H840A) nickase and a pegRNA. Various RT mutations have been investi- 
gated to increase the efficiency of prime editing by altering thermostability, proces- 
sivity, DNA-RNA substrate affinity, and RNaseH activity. PE1 efficiency was 
increased by harboring engineered M-MLV-RT pentamutant (M-MLV RT (D200N/ 
L603 W/T330P/T306K/ W313F)) after which it is called “prime editor 2” (PE2). 
PE2 enhanced the editing efficiency by 1.6- to 5.1-fold to harbor point mutations on 
average. In addition, it showed higher editing efficiency in indels and reported that 
it was compatible with shorter PBS sequences. To further increase the efficiency, an 
optimized prime editor called PE3 used an additional sgRNA to direct Cas9 (H840A) 
nickase to produce a nick in the non-edited DNA strand and increased approxi- 
mately three times the editing efficiency of PE2. Since a high level of indels could 
be formed depending on the location of the additional sgRNA, the authors resolved 
this issue by designing the additional sgRNA to target the edited strand but not the 
original one. This variant of the PE3 system is called PE3b, as it achieved a 13-fold 
reduction in the average number of indels in human cell lines compared to PE3 
while maintaining editing efficiency [78]. 
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2.1 Improving the PE Efficiency 


Since it was first published, the possibilities of the use of PE have advanced and 
broadened. Prime editing mechanism is a complex process influenced by multiple 
factors, including prime editor structure, pegRNA design, and cellular determinants 
[79]. Different groups have been developing new strategies to increase the editing 
efficiency of prime editing in animal and human cells [80]. For example, it is known 
that the 3’ extension of a pegRNA is critical for priming reverse transcription and 
templating the desired edit. Nelson et al. [81] discovered that exonucleases could 
hinder prime editing efficiency by degrading the 3’ extension of pegRNA [81]. 
pegRNA optimization by incorporating structured RNA motifs to the 3’ terminus of 
pegRNAs enhanced stability by preventing degradation of the 3’ extension. This 
strategy is called engineered pegRNAs (epegRNAs) that improved prime editing 
efficiency three to fourfold in human cells without increasing off-target editing 
activity [81]. 

Another strategy was manipulating the DNA repair pathway to increase PE effi- 
ciency and reduce indels [82]. The temporary inhibition of DNA mismatch repair 
(MMR) by MLH_1dn significantly improves the effectiveness of PE and reduces the 
occurrence of indels in various cell types [82]. Transient co-expression of MLH1dn 
(a dominant-negative variant of the MMR protein MLH1) with PE2 and PE3 yielded 
PE4 (PE2 + MLH1dn) and PES (PE3 + MLH dn), respectively [82]. PE4 and PES 
versions enhanced the editing efficiency by sevenfold over PE2 and twofold over 
PE3, respectively [79, 82]. With further efforts to enhance prime editing efficiency, 
an improved prime editor architecture, “PEmax,” was obtained by optimizing RT 
codon usage, Cas9 mutations, linker length /composition, and nuclear localization 
signals (NLS) tags based on the PE2 protein. The combination of PEmax with PE4/ 
PES systems (known as PE4max and PESmax, respectively) along with epegRNAs 
significantly improved editing efficiency [80, 82, 83]. Additional optimization strat- 
egies were used in various cell types, including prime editing protein engineering, 
pegRNA structure, stability improvements, repair mechanism suppression, and two- 
pegRNA implementation [80]. 

Most pioneering studies in prime editing have been implemented in animal and 
human cells, and applications of prime editing in plants are mostly proof of concept 
and optimization studies (Table 2.2). The first report on prime editing in plants was 
published by Lin et al. [84]. They obtained a variety of edits, including insertions up 
to 15 bp in wheat and rice protoplast, by optimizing codon, promoter, and editing 
conditions. This study was followed by studies demonstrating the applicability of 
prime editors in various plant species, including tomato [85], potato [86], maize 
[87], Arabidopsis [88], N. benthamiana [88], and rice [89, 90]. However, these stud- 
ies showed that the application of prime editing is limited by the low efficiency and 
optimization studies required to reach its full potential. Therefore, various 
approaches have been rapidly developed and applied in plants to overcome the limi- 
tations of prime editors [91, 92]. 
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Dual-pegRNA strategy employs two pegRNAs in trans to simultaneously encode 
the same edits, increasing PE efficiency by expanding the size and type of genomic 
mutations in rice [93]. Lin et al. [93] also optimized the melting temperature (Tm) 
of the PBS combined with a dual-pegRNA strategy and increased the editing effi- 
ciency from 2.9-fold to 17.4-fold in rice protoplasts [93]. Xu et al. [94] reported that 
changing the C-terminal reverse transcriptase Cas9 nickase fusion with N- terminal 
fusion improved the editing efficiency at some target sites in rice and maize [94]. In 
addition to this modification, codon optimization of M-MLV RT by introducing 
multiple-nucleotide substitutions enhanced editing frequency up to 24.3% and 6.2% 
in rice and maize, respectively [94]. Zong et al. [95] indicated that engineering the 
M-MLYV reverse transcriptase by deletion of the RT RNase H domain and the addi- 
tion of a virus-derived protein which is called engineered plant prime editor (ePPE) 
improved prime editing efficiency by ~1.8—3.4-fold in rice and wheat [95]. Zou 
et al. [96] optimized prime editing by combining PE3 system and epegRNAs, which 
include a structured RNA motif (evopreQ1 or mpknot) with an 8 bp linker at the 3’ 
terminus of the pegRNA [96]. Their PPE3-evopreQ1 and PPE3-mpknot systems 
improved the prime editing efficiencies in rice protoplast, and PPE3-evopreQ I system 
showed a more significant increase compared to PPE3-mpknot system [96]. This 
study also increased PE efficiency by at least 2.8 times by applying an appropriate 
high-temperature treatment. Although each modification enhances PE efficiency, 
combining these approaches could result in even more significant efficiency 
improvements [81]. 

Different prime editing systems in plants, targeted genes, the purpose of the 
study, and plant delivery technique are summarized in Table 2.2 and also reviewed 
in [97, 98]. 


3 Future Prospects and Limitations 


3.1 Base Editors 


The precise and efficient conversion of single bases at targeted genomic sites is 
made possible by the CRISPR/Cas base editing technology, which has found wide 
applications across various plants, as shown in Table 2.1. Although this technology 
holds great promise for plant trait development, it needs to be improved in order to 
overcome several limitations, including off-target activity, editing window length, 
PAM site compatibility, bystander effect, sequence preferences, and the limited 
capability in editing only four types of base changes [4, 7, 25]. In recent years, sub- 
stantial efforts have been dedicated to reducing these limitations and enhancing the 
specificity of base editors in mammalian cells and plants [2, 7]. 

Comprehensive whole-genome sequencing studies have revealed that base edi- 
tors can induce gRNA-dependent and gRNA-independent off-target mutations 
throughout the entire genome [98, 107]. Several effective strategies have been 
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reported to reduce gRNA-dependent off-target effects, such as employing alterna- 
tive Cas9 variants, enlarging the gRNA sequence, and delivering base editors 
through RNP (ribonucleoprotein) complexes [98, 108, 109]. Moreover, gRNA- 
independent off-target mutations were observed in mice and rice using cytosine 
base editors (CBEs) but not adenine base editors (ABEs). This occurrence is likely 
attributed to the excessive expression of the deaminase, resulting in random muta- 
tions throughout the genome, particularly in gene-enriched regions. Effective strate- 
gies to mitigate gRNA-independent off-target effects involve employing alternative 
deaminases instead of rAPOBEC1 or modifying the deaminase domain through 
engineering [110]. 

Jin et al. [111] reported unexpected and unpredictable genome-wide off-target 
mutations induced by CBEs BE3 and high-fidelity BE3 (HF1-BE3) in rice [111]. 
The study emphasized the need to optimize the cytidine deaminase domain and/or 
UGI components to minimize the occurrence of off-target mutations. Additionally, 
improved variants of CBEs, such as YEE-BE3, were suggested as a potential 
approach for reducing off-target edits in plants [111]. In another study, upon analyz- 
ing off-targets of ABE, considering the predicted top off-target sites with 1- or 2-nt 
mismatches, it was found that the TadA* (modified version of TadA) deaminases 
displayed negligible off-target activity (0—4.65% frequency). Furthermore, they 
suggested that TadA variants exhibit minimal off-target effects dependent on sgRNA 
[71]. Target selection can be restricted in base editing applications because of the 
limitations of PAM site compatibility and editing window length [98]. In order to 
surpass these limitations, various Cas orthologs and engineered variants with altered 
PAM specificities have been employed to expand the scope of base editors [62, 
112]. However, although these variants expand the scope of base editors, they can 
decrease editing efficiency and enhance the target dependence [98]. In addition to 
these limitations, large genomes of plants with duplicated regions and genes could 
pose additional obstacles in selecting target genes and plant transformation steps in 
base editing [98]. 


3.2 Prime Editors 


While prime editing represents a significant advancement in plant genome editing, 
the technology is still in its early stages, necessitating further research and studies 
to unlock its capabilities and potential. One significant challenge with prime editing 
is its relatively low efficiency [84, 97]. The editing efficiency frequencies observed 
in plants were considerably lower than those reported in mammalian cells, and 
numerous sites exhibited a lack of editing, particularly in dicot species [113]. It is 
also reported that editing efficiencies for insertions were lower than for deletions 
and substitutions [114]. Although it is possible to obtain targeted mutation in stable 
transgenic lines by prime editing, as shown in rice and tomato, the occurrence of 
homozygous and biallelic edits is infrequent, highlighting the inefficiency of prime 
editing in plants [84, 90, 102, 113]. Researchers have devised various strategies to 
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overcome these limitations, including using engineered prime-editing proteins, 
enhancements in prime-editing guide RNA design, manipulation of the mismatch 
repair pathway, and optimization of delivery strategies [92, 97]. These approaches 
aim to enhance the effectiveness and efficiency of prime editing for more precise 
and robust genome modifications. Ensuring high efficiency in prime editing relies 
heavily on the careful design of the pegRNA [78, 93]. Selecting an appropriate 
combination of the primer binding site (PBS) and reverse transcriptase (RT) tem- 
plate is crucial for optimizing prime editing efficiency. Typically, efficient PBSs 
range from 8 to 15 nucleotides, while RT templates are between 10 and 20 nucleo- 
tides long [78, 93]. Although the specific matrix of optimal PBS and RT template 
combinations is determined through empirical observations, several factors contrib- 
ute to selecting the ideal pegRNA design, including GC content, primary sequence 
motifs, and secondary structures within the pegRNA 3’ extensions [84]. The design 
of pegRNA is considerably more complex than sgRNA design for other CRISPR- 
based editing techniques, as it requires adherence to multiple fundamental rules and 
the various combinations of PBS and RT templates [92, 93]. As a result, its manual 
design is time-consuming, error-prone, and challenging in high-throughput applica- 
tions [92]. Several design tools have been developed to overcome this limitation 
(93, 115, 116]. 

In conclusion, the development of base editing and prime editing technologies 
has revolutionized the field of plant genome editing, providing efficient and precise 
tools for targeted genetic modifications. In addition, the ability to introduce single 
nucleotide changes without the need for double-stranded DNA breaks has opened 
new possibilities for crop improvement, disease resistance, and trait engineering. 
However, despite the significant progress made in this field, challenges still need to 
be addressed, such as improving editing efficiency and specificity, optimizing deliv- 
ery methods, and addressing off-target effects. Nevertheless, with continued 
research and development, base editing, and prime editing hold great promise for 
advancing the field of plant biotechnology and crop improvement. 
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Abstract Using modern genome editing tools, scientists are increasingly able to 
engineer animals and plants for better traits and improved downstream outcomes 
that benefit humans. As part of the CRISPR-Cas system, guide RNA (gRNA) is 
used to identify the target sequence, while Cas is an endonuclease that performs 
the nucleotide cleavage. It is imperative that these two components are delivered 
to the nucleus of the cell in order to ensure an optimal editing process. As a con- 
sequence of differences in the cellular structure and biomolecular composition of 
the outer membrane, plants are not capable of being cloned genetically in the 
same manner as animal cells. A more optimized method and pipeline must be 
developed to improve the efficiency of transformations and genome editing for 
plants. In this book chapter, we highlight traditional and novel delivery methods 
used for optimal delivery of plant genome editing components. We discuss the 
potential and limitations of these methods in the light of recent literature and 
available experimental validations. 
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1 Introduction 


CRISPR/Cas systems are a vital component of genome engineering tools for ani- 
mals and plants due to their ability to analyse gene function and accelerate trait 
development [1]. Efficient editing, convenient design, cost-effectiveness, and sim- 
plicity provide an edge to CRISPR-Cas over other editing tools. The system consists 
of guide RNA (gRNA), for target sequence recognition, and Cas, a CRISPR- 
associated protein endonuclease, which exhibits different versions and is sometimes 
modified and/or linked to other molecules to achieve specific targets. All relevant 
components must be delivered into the cell nucleus to achieve genome editing or 
other modifications. 

Compared to animal systems, plants have distinctive characteristics which may 
limit the application of those methods developed for animal cells, thus requiring the 
development of specific plant-based methods. In this chapter, a number of tradi- 
tional and novel delivery methods are discussed with reference to their potential and 
their limitations, with the ultimate aim of increasing efficiency and accuracy, and 
broadening the application of genotype-independent delivery systems in plants. 


2 Biological Delivery Methods 


2.1 Bacteria Based Methods 


Successful editing outcomes in crops are reliant on the availability of efficient 
genotype-independent delivery systems which facilitate the introduction of indi- 
vidual genome editing components. Bacterial-mediated delivery of CRISPR/Cas 
components into plant cells is probably the most popular method in use, and one 
that incorporates a foreign gene into the plant genome using a binary vector system. 
The natural ability of Agrobacterium tumefaciens to engineer plant cells in the wild, 
and whose mechanism has been exploited by plant biotechnologists in the lab, 
means that this bacterial-based delivery system has been used efficiently for trans- 
forming both monocot and eudicot plants, notwithstanding the recalcitrant nature of 
some plant species to Agrobacterium infection. To address this recalcitrance with 
some plant species, Raman et al. [2] developed a strategy whereby a type III secre- 
tion system from Pseudomonas was expressed in Agrobacterium to allow for the 
efficient delivery of several effectors to suppress the plant response system and aid 
transformation. They found an increase of up to 400% in transformation efficiency 
using this approach. With a unique mode of action, which is reliant on an interplay 
of host and bacterial functions to effect transformation [3], Agrobacterium retains 
the title of most popular delivery system in use today. There are many excellent 
published reviews on what is known to date on the mechanisms of 
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Agrobacterium-mediated delivery to plant cells [4-7]. Here we will examine the 
role Agrobacterium plays as an efficient delivery system in the introduction of 
CRISPR/Cas components. 

Cas9 was first discovered in 2005 and the first genome edited plants using 
CRISPR followed less than a decade later [8]. Since then, plants drawn from over 
24 families (including those containing the major food crops) have been edited 
using CRISPR/Cas9 components [9] in Agrobacterium (both tumefaciens and rhi- 
zogenes) where it continues to hold a prominent position as an efficient delivery 
system including in transient assays where leaf cell agroinfiltration has been used 
[9]. Agrobacterium-mediated transformation (AMT) relies on the plant being inoc- 
ulated with the bacteria containing the requisite reagents for gene editing. This 
means a binary plasmid containing a gene-editing cassette inserted between the 
border sequences on the T-DNA integrates into the plant genome leading to stable 
transformation as referenced in earlier reviews [6]. In general, AMT relies on tissue 
culture for the regeneration of a stable transformant. With this comes the possibility 
of producing unwelcome somaclonal variants. One way to circumvent this is to use 
AMT with a Floral Dip procedure. Here, transformed seeds can be obtained outside 
of the tissue culture process. However, this method has had limited success beyond 
Arabidopsis thaliana [10]. Another report of successful transformation outside of a 
tissue culture system is referenced in the same paper by Laforest and Nadakuduti 
[10]. Here an improved method of gene-editing efficiency is described whereby 
developmental regulators are co-delivered with CRISPR components and over- 
expressed leading to improved regeneration and transformation of soil-grown plants 
using Agrobacterium which had been injected into plants creating de novo meri- 
stems. An efficient transformation system using AMT was developed in wheat by 
Zhang et al. [11]. Earlier transformation studies in wheat were focused on the gene 
gun which has drawbacks in terms of copy number insertions and gene silencing 
effects. Generally, with AMT events, single copy insertions are the norm with low 
levels of gene silencing detected. In the study by Zhang et al. [11], the authors report 
efficient editing events in wheat. Generally, if DNA-free genome editing is required, 
alternative methods such as PEG must be employed. One of the drawbacks of 
Agrobacterium-mediated transformation is the fact that T-DNA is integrated into 
the genome. And this can be problematic for regulators. A report by Dalla Costa 
et al. [12] examined two strategies for producing T-DNA free CRISPRed fruit trees 
using Agrobacterium. The first strategy was based on the site specific recombinase 
Flp/FRT system. This system was reliant on the recognition of a 34-bp long sequence 
which was excised along with any undesired sequences from an optimised T-DNA 
vector system. The second strategy focused on the use of synthetic cleavage target 
sites (CTS) which were engineered adjacent to the left and right border sequences 
of the vector. These CTS were recognised by the Cas9 cleavage system and removed. 
Molina-Risco et al. [13] describe an improved method for the AMT and gene edit- 
ing of tropical japonica rice where Oryza sativa is seen as a model monocot species. 
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2.2 Virus Vector-Based Methods 


Plant viruses-based vectors are known for being reliable, efficient tools for transient 
protein expression and VIGS (Virus induced gene silencing) [14, 15]. More recently, 
plant viruses are being used as a delivery vehicle for genome editing tools, such as 
CRISPR/Cas9, to introduce specific mutations in the plant genome. These approaches 
are collectively known as VIGE (Viruses induced genome editing) [16-22]. VIGE 
allows DNA integration free methods to study gene function, modify plant traits, and 
develop novel crop features [23, 24]. The transiently introduced recombinant viral 
clones replicate within the plant, which then spread and infect the cells, delivering the 
genome editing machinery to the desired target site. This method has the advantage of 
being able to reach cells in different tissues and organs of the plant, leading to high 
efficiency genome editing. The overall choice of virus vector depends on the targeted 
host plant species and the size of the cargo insert that infectious viral replicon could 
sustainably carry while replicating in the plant cell. The replicon size threshold also 
limits the recombinant cargo size (nuclease and sgRNA cassette). The past few years 
have witnessed development of plants-based VIGE approaches [25, 26]. 

Several known plant viral vectors have been tested for their functional efficiency 
in delivering the CRISPR/Cas9 cassette for precise genome editing. These recent 
studies have optimised critical factors for success in the genome editing process such 
as choice of host species, infection method and replication of recombinant clones 
and copy number of sgRNAs. The viruses have better replication and transfection 
efficiency in their specific hosts, and this limits the utilisation of VIGE vectors in a 
broad host range. However, if used with the right host the VIGE approach expands 
beyond gene knockout and recent work proved its application in the precise gene 
replacement using geminivirus replicon of wheat dwarf virus (WDV) [27]. The 
WDYV replicon could carry Cas9, sgRNA and a donor DNA and the editing effi- 
ciency was ~12 fold higher than non-viral methods. Up to that point, viral vectors 
from two RNA viruses viz. Tobacco etch virus (TEV) and potato virus X (PVX) had 
been used in tandem to express Cas 12a and sgRNA respectively [19, 20]. All reported 
viral vectors have their own limitations and benefits [26]. Broadly, the use of DNA 
viruses-based vectors could lead to integration of a viral genome in plants, although 
the benefit is that they provide more cargo space due to the bigger replicon size. On 
the other hand, RNA viruses ensure integration-free genome editing but have smaller 
genomes hence the cargo size is limited. In the following sections, we have dis- 
cussed some of the most successful VIGE viral vectors across model and crop plants. 


2.2.1 Tobacco Rattle Virus (TRV) 


Tobacco Rattle Virus (TRV) is a positive single-strand plant virus (Bipartite, RNA1 
and RNA2) that infects the roots of tobacco plants and has a broad range of host 
plants. TRV could systematically infect and replicate in different plant cells and tis- 
sues. These attributes make TRV an ideal RNA virus candidate to deliver CRISPR/ 
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Cas9 modules. Several recent studies have engineered this virus to express the guide 
RNA and Cas9 nuclease, which then target specific genes to demonstrate heritable 
editing. TRV has been successfully tested in Arabidopsis (targets: AtAGL1, AtTT4; 
[28]) and Tobacco (NbPDS, NbAG and NbPCNA; [17]). These methods provide a 
rapid and efficient way to introduce genetic modifications in plants and have been 
applied in various crops, including tobacco, to produce plants with improved traits. 
TRV has been exclusively used for the delivery of sgRNAs to plants expressing 
Cas9. The TRV vector system is successfully used in model hosts like N. benthami- 
ana and Arabidopsis. The targeting and editing efficiency were positively impacted 
by 3’ end sgRNAs tagging with Flowering Locus T (FT) transcript [17]. 


2.2.2 Barley Stripe Mosaic Virus (BSMV) 


Barley Stripe Mosaic Virus (BSMV) vector is a plant virus that has been used as a 
delivery system for genetic engineering in plants. BSMV is a positive-sense RNA 
virus with a tripartite genome (alpha, beta and gamma RNA) that infects barley and 
other cereal crops, causing a mosaic pattern on the leaves. Researchers have utilised 
the natural replication and movement properties of the virus to deliver transgenes 
into plant cells, making it an effective tool for plant genetic engineering. BSMV has 
been used to transiently express sgRNAs and the editing process has been tested 
successfully in N. benthamiana, wheat and maize plants [21, 29, 30]. For wheat, 
multiple genes (TaGW2/7, TaUPL3 and TaQ) were targeted by expressing sgRNA 
scaffold from the gamma chain of BSMV replicon [29]. These engineered viral 
particles were then used for infection of Cas9 expressing wheat plants. The authors 
evaluated that sgRNA fusion with mobile RNAs like tRNA, AtFT, and Vern3 did not 
result in improved editing efficiency. On the contrary, another study on different 
wheat varieties confirmed the enhanced editing efficiency for BSMV sgRNA fusion 
with TaFT mRNA [21]. The authors argued that mobile mRNA fusion efficiency 
could be influenced by choice of wheat genotype and expression level of Cas9 
nuclease. 


2.2.3 Bean Yellow Dwarf Virus (BeYDV) 


Bean yellow dwarf virus (BeYDV) belongs to the plant geminivirus family. It 
infects legume crops such as beans and peanuts. The virus can replicate and move 
within the plant along with its satellite replicons, making it an effective tool for 
delivering bigger transgenes cargos into plant cells. Bigger cargo carrying ability 
has prompted the use of Be YDV to deliver Cas9 together with sgRNA scaffold. By 
engineering the virus to contain a specific transgene, the virus can be used to infect 
the plant, delivering the transgene into the plant genome. These methods have been 
improvised now to introduce precise genome modifications. So far, BeYDV based 
CRISPR/Cas9 delivery has been validated in tobacco, potato, and tomato [31-33]. 
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3 Physical and Chemical Methods 


3.1 Physical Methods 


Efficient delivery of the CRISPR/Cas9 complex into the nucleus of the targeted cell 
is an essential aspect to make it functional. The various forms of delivery approaches 
are adopted for instance messenger RNA, ribonucleoprotein (RNP-complex of 
sgRNA and Cas proteins preassembled in vitro), and plasmid DNA (pDNA) [34]. 
RNPs are usually constituted by a complex of protein (e.g., Cas9, Cas12a) and an 
RNA, such as the sgRNA-scaffold RNA single strand. Delivery of the complex via 
RNP avoids drawbacks related to mRNA and pDNA. RNP delivery avoids intracel- 
lular transcription and translation and speeds up genome editing. Apart from this, it 
not only edits efficiently but also decreases the immune response, off-target effects, 
and insertional mutagenesis, making it a promising method of genome editing [35, 
36]. Amongst the options to deliver CRISPR systems into plant cells, biolistic is one 
which is widely adopted [37, 38]. 


3.1.1 Gene Gun/Biolistic-Based Delivery 


Gene gun based delivery or biolistics is a direct physical delivery method for micro- 
projectiles carrying foreign DNA into plant cells or tissues at high velocity. DNA is 
coated onto gold or tungsten microprojectiles before gearing up for cell wall pene- 
tration of the target plant. Upon entry into the cell, dissociation from the particles 
takes place to either integrate stably or express transiently in the host genome [39]. 

To substantially breach the cell wall barrier, the gene gun method is widely 
adopted in order to deliver foreign DNA into the plant cell. Previously, RNA-guided 
Cas9 endonuclease was effectively used to modify the genome of various plants. 
Regardless of the success, particle bombardment of the plasmids containing the 
Cas9, gRNA, and marker genes often incorporated in the genome resulting in off- 
site cutting, gene disruption, and plant mosaicism [40]. Moreover, DNA molecules 
can also integrate at the double-strand break site hence decreasing the efficacy of 
gene insertion and gene editing. To address these undesirable effects, one suggested 
solution was to pre-integrate the Cas9 nuclease in plants to deliver the gRNA in the 
form of RNA molecules. Though successful the process was laborious and resource- 
demanding to develop and characterise the pre-integrated lines. 

There are several documented reports which demonstrate the effective delivery 
of CRISPR reagents for genome editing using biolistics. They comprise the in 
planta genome editing of wheat via SAM and the production of novel variants of the 
maize ARGOSS8 gene. Shi et al. [41] used gene editing approach to develop new 
allelic variants of ARGOS8 in maize. ARGOS8 encodes a negative regulator of 
ethylene responses, that is expressed at low levels in most inbred maize lines. 
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The group increased ARGOS8 expression by substituting or knocking in GOS pro- 
moter replacing native promoter via HDR to drive ARGOS8 expression. The field 
evaluation of hybrids exhibited increased yield under stress regimes [41]. In wheat, 
a group of researchers bombarded 210 plants and found 11 transgenic lines with the 
mutant TaGASR7 allele, and the mutation was transferred to the next generation of 
three transgenic lines with no observation of the presence of Cas9 and guide RNA 
[38, 42]. Recent research in wheat showed some promising results regarding 
transgene-free genome editing by means of transient expression [43]. 

RNP complexes were delivered by biolistics into maize embryo cells [44]. 
Cas9-gRNA RNPs were employed to target four different genes: MS26, MS45 
(male fertility genes), acetolactate synthase (ALS2), and liguleless 1 (LIG). The 
results were comparable to DNA plasmids and ranged from 0.21% to 0.69% in all 
four immature embryo cells of maize [44]. Similar results have been reported for 
wheat using the same method where 0.18% was obtained for TaGW2-B1 and 
0.21% for TaGW2-D1 [45]. The RNP complex is of similar or greater efficacy as 
compared to the plasmid-mediated editing method and gives transgene-free plants 
with reduced off-target frequency along with the ability to directly target the 
genomic region of interest with the concomitant degradation of the RNP complex 
within hours [38]. 

In order to decrease uneven bombardments, a double-barrelled gene gun along 
with software that counts the cells was applied as a technical improvement [10]. 

In case of RNP transfections, a single nucleotide mismatch between the sgRNA 
and the target site greatly reduces the off-targeting of homolog sequences. Besides, 
RNPs were also found to accommodate the hefty heritable inversion of 75.7 Mb in 
maize chromosome 2, when constructed with gRNAs flanking the junctions of the 
required inversion [38, 46]. This highly specific engineering of chromosomes is 
invaluable to crop breeding. 

Apart from all the above-mentioned success stories of RNP transport using 
biolistic, delivery systems for CRISPR/Cas9 continue to be a considerable hin- 
drance concerning its efficient use. For now, an all-purpose delivery system is still 
lacking. Each method possesses both merits and demerits. Moreover, options are 
there for the transport of small cargos as compared to massive protein-nucleic acid 
complexes. Although the gene gun method is capable of transforming a myriad of 
cell types and tissues in the absence of a binary vector, some obvious limitations 
include the laborious work of explant preparation and random incorporation of 
cargo at various sites in the genome. In the case of RNPs, they offer DNA-free gene 
editing that instantly alters the target site by sidestepping the transcription and trans- 
lation machinery of the cell and degrades rapidly. Although there is a possibility that 
the bombarded explant and resultant phenotypes experience uncertain downstream 
effects [10]. Additionally, particle bombardment has a high consumable and equip- 
ment cost along with complicated integration patterns and gives relatively low 
throughput [39]. Moreover, the costlier method to deliver Cas9/gRNA RNP lacks 
the control of bombardment sites like the nucleus, plastid and mitochondria [47]. 
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3.1.2 Electroporation 


In electroporation, electrical pulses are used to generate transient pores in the 
plasma membrane in order to allow nucleic acids to enter the cell [48]. These micro- 
scopic pores allow not only the micro-, but also the macromolecules to move either 
inside or outside the cell. An electroporator device performs the electroporation 
activity that comprises three basic portions: a power supply for the pulse, electro- 
poration cuvettes, and electrodes. According to the simple mechanism of electro- 
poration, water molecules are the first to pierce the lipid bilayer and make unstable 
hydrophilic pores. Then reorientation of adjacent lipids with their polar heads 
towards these water molecules takes place due to the increase in transmembrane 
voltage that in turn lowers the energy required to form an aqueous aperture leading 
to the formation of metastable hydrophilic pores [48, 49]. Fortunately, these electro- 
pores can be recovered and resealed in the case of optimised electric pulses. It has 
been observed that the duration of the electric field and its intensity are of immense 
importance concerning the healing of the cells as unsuitable electric currents may 
lead to cell death [50]. 

Ensuring uniform electroporation can be difficult to achieve in plant tissue due to 
the presence of variable cell types and different three-dimensional organisations due 
to gap junctions. So, this non-homogeneous distribution makes some cells experi- 
ence a greater degree of electroporation than others. To address this issue, optimiza- 
tion needs to be performed with respect to electrode position, size, shape, and 
different cells [51]. 

Some examples of application of electroporation include tobacco protoplasts 
with cucumber mosaic viral RNA using exponential and square wave electropora- 
tion pulses [52]. Similarly, electro-pulsed colt cherry protoplasts demonstrated effi- 
cient regeneration capability and a greater number of shoots per callus along with a 
prolific root system in comparison to non-electro-pulsed ones. Besides, protoplast- 
derived tissues of Solanum dulcamara L., which is a woody medicinal plant, showed 
improved morphogenesis when compared to the untreated protoplasts. Apart from 
this, roots of regenerated shoots were established efficiently with prolific root sys- 
tems [50]. Recently, electroporation has been used for gene editing with CRISPR 
technology [53]. 


3.1.3 Sonication and Pulsed-Laser 


Sonication can involve acoustic and ultrasound and has been observed to enhance 
the growth processes in plants [54]. Moreover, acoustic microstreaming and cavita- 
tion are caused by ultrasound and can modify enzyme stability, cell growth, and 
ultrastructure. It has the potential to discharge DNA from the nucleus, modify the 
permeability of the cell membrane, cleave the extracellular polymers, enhance cell 
surface charges, and reduce the stability of the cell. Furthermore, the duration of 
sound irradiation, frequency, and intensity of sonication are some of the factors to 
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be considered [54]. During the process, the cell wall interacts first with the sound 
waves and probably experiences the variation followed by the cell membrane [55]. 
Ultrasound irradiates the bubbles and then leads to the crumpling of those cavities 
resulting in the release of a large amount of energy. This activity provokes various 
physical and chemical modifications like microstreaming in the plant cells and cell 
suspensions enhancing mass transport [54]. However, high-intensity irradiation can 
spoil the cell structure and inhibit plant growth [56]. The properties of sound waves 
that influence sonication include duration, intensity, pressure level, and frequency. 
Apart from these, the distance between the source and the target plant, sensitivity of 
the cells, genotype, and species are other factors affecting organogenesis and plant 
growth [57]. Moreover, ribonucleoproteins comprising the sgRNA and Cas9 protein 
were inserted into the extracellular vesicles by sonication for gene therapy [58]. 
Plant species modified by ultrasound in vitro include rice, aloe, carrot, commercial 
squash, gerbera, hazelnut, and red microalga [55, 56, 59]. To further strengthen our 
understanding of the technique, advanced knowledge about various processes 
sparked by sonication and more insight into sounds would generate greater yield 
and better growth [60]. 

Recently, RNPs have been delivered into tobacco cells via cavitation bubbles 
generated using a pulsed laser [61]. The resulting shockwave achieves the efficient 
transfection of walled cells in tissue explants by creating transient membrane pores. 
Genome-edited plants were produced with an efficiency of 35.2 and 16.5% for phy- 
toene desaturase (PDS) and actin depolymerizing factor (ADF) genes, respectively. 


3.1.4 Silicon Carbide Whiskers 


Different types of silicon nanoparticles are used for different purposes. Some of 
them are relatively more difficult to synthesise and process than others and hence 
their applications are limited. Those that are relatively inexpensive and uncompli- 
cated find more usage and have wider applications. Silicon Carbide (SiC) whis- 
kers/fibres are among those nanoparticles belonging to a wide variety of 
silicon-based nanoparticles that fit this description. They are needle-like struc- 
tures attached to a base. They appeared as a tool for the physical delivery of DNA 
in the 1990s where they were used to create pores in tobacco and maize cells 
through abrasion allowing the penetration of the exogenous DNA when mixed 
with the cell suspension [62]. The SiC fibres do not carry the genes themselves, 
but rather help the foreign DNA slide into the target cells. To date many crops 
have been transformed using this method. Crops, like wheat and rice that are 
recalcitrant to the Agrobacterium infection/transfection, have not only shown 
higher efficacy but more stable transgenic expression with SiC whiskers when 
compared to the particle bombardment method (cDNA coated microprojectiles) 
[63]. The transformation has been conducted on cell suspensions, embryos, 
embryogenic cells, and calli of different plant species such as cotton, maize, 
tobacco, onion, and rice [64-67]. 
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Several types of SiC whiskers have been used for research on different plant spe- 
cies. These types differ based on their diameter and length. To achieve optimum 
results through this method some precautions like the pretreatment of the explant 
with osmotic agents and proper mixing of cells with SiC whiskers etc., have been 
adopted [68]. 

Some of the characteristics of SiC whiskers that make them desirable for DNA 
transfer into plant cells include compatibility with almost all plant species, the abil- 
ity to help transform a wide range of cells, enhanced regeneration rate of transfor- 
mants, ease of setup, and quick and inexpensive. The indirect involvement of SiC 
whiskers in DNA delivery can also be attributed to their positive/desired character 
because the amount of DNA available for transformation can be controlled. On the 
contrary, there are some limitations to this method that include their moderate trans- 
formation efficiency, the need for tissue culture and regeneration, and the require- 
ment of a sophisticated protocol for successful transformation. 

So far, most of the effort has been directed towards showcasing the effectiveness 
of this approach through the utilisation of reporter genes like GUS and GFP. Although, 
SiC-mediated plant transformation has been frequently reported, no studies have 
been conducted to deliver CRISPR/Cas for genome editing experiments in plants 
using this technology [69]. However, SiC whiskers have been used to edit the 
genome of other organisms such as algae and viruses through CRISPR/Cas [70, 71]. 


3.2 Chemical Methods 
3.2.1 PEG-Mediated Delivery 


Polyethylene glycol (PEG) is a polyether composed of repeated ethylene glycol 
units [-(CH,CH,O),]. PEG is available with different structures (e. g., branched, star) 
having different molecular weights (MW) and showing different aggregation states: 
PEGs below MW 700 are liquid, PEGs comprised between MW 1000 and MW 
2000 are soft solids, PEG above MW 2000 are hard crystalline solids. Polyethylene 
oxide (PEO) is a synonym for PEG, however macromolecules with MW below 
20,000 are usually referred as PEG while those with MW above 20,000 are called 
PEO. PEG is biocompatible, highly soluble in water as well as in organic/inorganic 
solvents therefore being extremely important in solubilization and permeation [72]. 
In plant science, PEG properties were initially exploited in cell fusion experiments 
to obtain somatic hybrids (reviewed in [73]), but PEG is also capable of precipitat- 
ing DNA molecules and stimulating their efficient cellular uptake by endocytosis 
[74]. Suitable PEG (usually MW 6000) and divalent cations (Ca**) concentrations 
were initially identified to achieve genetic transformation [75, 76] with further 
improvements in efficiencies by Shillito and coauthors [77]. Besides genetic trans- 
formation of plant protoplasts, with stable integration in genomic DNA, it became 
evident that PEG-mediated transfection allowed episomal transient expression of 
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the introduced DNA [78]. These fundamental experiments paved the way for thou- 
sands of studies that made large use of PEG-mediated transformation/transfection 
of isolated plant cells by different types of reagents (i.e., DNA, RNA, protein), with 
the establishment of consolidated platforms such as the Transient Expression in 
Arabidopsis Mesophyll Protoplast (TEAMP) system [79]. Typically, the concentra- 
tion of PEG ranges from 12.5% to 20% (final concentration). The interest in using 
PEG for transfecting plant protoplasts, revamped in recent years because its appli- 
cation in the site directed mutagenesis protocols of various model species and crops 
(reviewed in [73, 80]). 

Indeed, there are several examples of successful PEG-mediated delivery of RNPs 
in protoplasts of important crops such as potato, tomato, rice, and others (reviewed 
in [80]). The use of plant protoplasts requires an established regeneration protocol 
to obtain mutated adult plants, that additionally may show genetic instability and 
undesired somaclonal variation [36]. To bypass these issues, in pioneering work, 
Toda et al. [81] reported the direct delivery of RNPs (Cas9 based) in rice zygotes by 
PEG+Ca* mediated transfection thus achieving somatic mutagenesis with high fre- 
quencies (up to 64%). 


3.2.2 Lipofection 


The delivery of RNPs in plant cells need further development and lipofection could 
represent a promising delivery method. Briefly, lipofection (i.e., lipid transfection, 
liposome-based transfection) takes advantage of tiny lipid vesicular structure called 
liposomes that can be multilamellar or unilamellar and neutral, positively, or nega- 
tively charged [74]. Liposomes are easily produced, and they can form lipoplexes 
by encapsulating DNA, RNA, or proteins; lipoplexes will further release their con- 
tent into the cells upon endocytosis or fusion with membranes. Lipofection has been 
extensively used in mammalian cell transfection, while, in plants, following the 
initial demonstration of exogenous DNA transfer in isolated plant protoplasts by 
liposomes [82], lipofection by cationic lipids (positively charged liposomes) has 
been used exclusively for DNA or RNA transfer through the negatively charged 
plant cell membranes (protoplasts) with limited examples [83]. Recently, sweet 
orange genome edited plants have been obtained by delivering lipid-based nano- 
structures, produced with the cationic lipid-based transfection agent 
Lipofectamine™, in protoplasts. In detail, lipid particles encapsulated the CRISPR/ 
Cas9 DNA construct, protecting it from endosomal and enzymatic degradation [84]. 
While in a first attempt, Liu et al. [83] tested the delivery of RNPs (Cas9 based) in 
tobacco protoplasts isolated from BY-2 cells, by using two different reagents 
(Lipofectamine™ 3000, Lipofectamine™ RNAiMAX) with a transfection effi- 
ciency of 66% and a mutation frequency of 6%, but without regenerating plants. 
RNP delivery in plant cells by lipofection is still in its infancy, but it is considered 
an easy and inexpensive method for cell transfection that will probably largely ben- 
efit in the future by the technological improvements achieved in other research fields. 
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4 Emerging Technologies 


Apart from a few applications, current approaches to precisely modify higher plant 
genomes rely on de novo regeneration from tissues or cell-derived calli. The lack of 
genotype-independent protocols and/or the induction of somaclonal variation dur- 
ing the in vitro growth phase call for the development of genotype-independent, 
simple, and economic in planta procedures. The latter are particularly necessary in 
view of routinely implementing editing approaches in breeding programs. Some 
emerging technologies aiming to overcome present limitations of available proce- 
dures have recently emerged. 


4.1 In planta de novo Induction of Meristems 


Two methods to edit higher plant genomes have been recently developed in 
Nicotiana benthamiana and validated in tomato, potato, and grape [85]. Both rely 
on the co-delivery of plasmids with the gene of interest and genes encoding 
Developmental Regulators (Wus2, STM and others) to somatic tissues of germinat- 
ing seedlings or mature plants grown in vivo. When specific sgRNAs were tested in 
transgenic Cas9* plants, edited shoots, able to transmit the induced mutations to the 
progeny, were regenerated from de novo formed meristems. Nevertheless, to obtain 
shoot formation, while reducing negative pleiotropic effects on their developments, 
the method requires a careful combination of different Developmental Regulators in 
genotypes tested. Further, the co-transfer of the nuclease remains to be 
demonstrated. 


42 Editing During Haploid Induction 


In several crops, either maternal or paternal haploids by chromosome elimination of 
one parent after fertilisation can be induced by interspecific crosses, knock-out of 
specific genes (e.g., MATL in maize or rice) or the manipulation of the gene encod- 
ing the centromere-specific histone CENH3 protein [86]. Capitalising on this infor- 
mation, site-directed mutagenesis in maize, Arabidopsis, and wheat has been 
achieved through the expression of editing reagents in the zygote, prior to elimina- 
tion of chromosomes derived from the haploid-inducer parent and ploidy doubling 
in derived plants [86-88]. This method is attractive because it allows the production 
of DNA-free edited plants in just two generations but requires the availability of 
genotypes able to stably express editing reagents in the gametes and to induce chro- 
mosome elimination in the zygotes. 
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4.3 Editing Through Grafting 


A breakthrough approach has been demonstrated recently by Yang and colleagues 
[89]. The authors produced transgenic Arabidopsis plants expressing a modified 
version of Cas9 and sgRNAs to which a tRNA sequence had been added. The latter 
allowed in planta long-distance movement of guide RNAs and nuclease transcripts 
from rootstock to scion, where translation occurred, producing edits visible both in 
the mother plant and derived progenies. Interestingly, the same was observed in 
interspecific graft combinations involving Arabidopsis and Brassica rapa, enlarg- 
ing the potential scope of the technology to all species where graft compatibility 
occurs. It is, however, necessary to produce transgenic rootstocks for each editing 
target, although alternative ways to deliver and express mobile editing reagents in 
the rootstock could be attempted. 


4.4 Nanotechnologies 


Innovative nanoparticle-based methods for in vivo delivery of CRISPR/Cas have 
been recently developed in animal cells [90, 91]. Due to the presence of the cell 
wall, which shows a Size Exclusion Limit (SEL) of 5-20 nm and other differences 
with animals (f.i., the absence of a true circulatory system), research for similar 
alternative methods in plant cells lags behind. Nevertheless, the field is quite 
dynamic and nanomaterials (e.g., metallic/magnetic, silicon-based, carbon-based, 
lipid-based, polymeric, DNA nanostructures, peptide-based), showing at least one 
dimension below 100 nm and adjustable physico-chemical properties, could be 
adapted to deliver various cargoes precisely and in a controlled way to different 
plant tissues and without genotype-dependency, as reviewed elsewhere [92—96]. 
The possibility to directly transfer proteins or multiple biomolecules would allow 
the exploitation of RNPs without using laborious protoplast or biolistic-based 
approaches. The nanoparticle-mediated delivery of proteins in plants, however, 
presents difficulties not strictly related to their size [97]. 

Magnetic nanoparticles (MNP) have been tested, with results not always repro- 
ducible, to deliver plasmid DNA in pollen of cotton and other species using a mag- 
netic field (magnetofection) [98—100]. In maize, the pre-treatment of pollen grains 
to open aperture was critical to obtain positive results. Single-walled carbon nano- 
tubes (SWCNT) show high aspect and surface area-to-volume ratios. Functionalized 
with polyethyleneimine (PEI), chitosan or imidazolium, they have been assessed to 
deliver GFP/YFP plasmid DNA in leaves, chloroplasts, and pollen of various spe- 
cies, respectively [101—103], obtaining protein expression without gene integration. 
Intriguingly, in case of chloroplast expression, the delivery system was designed to 
release the loading DNA based on the stroma pH. Carbon dots (CD) with a 5-10 nm 
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spherical shape showed internalisation and transient plasmid DNA expression in 
roots, leaves, and embryogenic callus cells [104], while the delivery of Cas9 and 
gRNA plasmid DNA, leading to somatic editing of SPO11, has been reported by 
[105] after spraying plasmid coated CDs on wheat leaves. Rosette nanotubes 
(RNTs) derive from the self-assembly of complementary guanine and cytosine 
motifs, in solution self-organised in rosettes which eventually form biocompatible 
hollow nanotubes with an internal and external diameter of 1.1 and 3.4 nm, respec- 
tively. They could represent a less toxic alternative to SWCNTs and have been used 
to express mCherry plasmid DNA in wheat microspores [106]. 

RNA molecules (siRNA, dsRNA) have also been delivered to leaves and pollen 
by using SWCNTs, gold nanoparticles of different shape and size, DNA nanostruc- 
tures with different characteristics, LDH clay nanosheets, inducing gene silencing 
and virus protection, when a viral gene was targeted [107—111]. Interestingly, with 
DNA nanostructures as carriers, RNA interference was induced at the transcript or 
protein level depending on the DNA nanostructure shape and the siRNA attachment 
locus [108], while, among gold particles, only nanorods entered the cells, but silenc- 
ing was obtained only with the non-internalised spheres colocalized with the cell 
wall [109]. 

The co-delivery of a protein and plasmid DNA has been demonstrated in onion, 
tobacco and teosinte cells using gold functionalized Mesoporous Silica Nanoparticles 
(MSN) and the biolistic method [112]. A similar approach allowed the delivery of a 
functional CRE recombinase in maize embryos, determining the excision of DNA 
sequences flanked with loxP [113]. Recently, preliminary results of RNP delivery in 
wheat pollen have been reported by using nanoassemblies (5—10 nm in diameter) 
with polycation linear homopolymer PDMAEMA [114]. 

Cell penetrating peptides (CPP) are natural (protein derived) or artificially 
designed molecules generally between 5 and 30 amino acids, with the ability to be 
translocated through the cell membrane either directly or via endocytosis. Based on 
physicochemical properties they are classified as cationic, hydrophobic or amphipa- 
thic. They can bind to various kinds of molecular cargoes, either covalently or non- 
covalently, allowing their transfection in various recipient cells to transiently modify 
gene expression and metabolic pathways [115, 116]. In relation to genome editing, 
the feasibility of delivering proteins of varying sizes, including ADH (150 kDa) or 
GUS (272 kDa), has been demonstrated in triticale microspores as well as in intact 
Arabidopsis leaves [117, 118]. The transfer of the GUS linear plasmid DNA or of 
multiple biomolecules at the same time has been also shown [117, 119]. Proof of 
genome editing of the JPK/ gene, albeit at low frequency, has been obtained in 
wheat microspores and derived haploid embryos by delivering ZFNs complexed 
with two different CPPs. Edited plants, however, could not be regenerated [115, 
120]. Polyion complex vesicles synthesised by mixing two oligolysine peptides and 
displaying a CPP (CPP-PICsome) have been recently shown to be able to encapsu- 
late Cas9 RNP complexes [121]. When introduced into Arabidopsis calli by vacuum 
and compression, editing of the target Phytoene Desaturase gene PDS3 was 
obtained, although mutation rate was around 0.007%. 
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With reference to the use of nanotechnologies for genetic engineering and 
genome editing, quite a lot of research developed in the last years trying to adapt 
concepts and technologies derived from investigation in the human field to plants, 
although in most cases only at the proof-of-concept level. Nucleic acids or proteins 
could be successfully delivered to plant cells, constituting the basis to develop 
methods for delivering editing reagents. Nevertheless, moving from one system to 
another, e.g., from small plasmids encoding reporter genes to large constructs 
encoding Cas encoding genes, is not straightforward, while, concerning DNA bind- 
ing conditions on Nanoparticless, the trade-off between cell wall trafficking and 
accessibility of the transcription machinery can be a challenge [122]. The size and 
other characteristics of Cas molecules generally used are an obstacle for the fast 
development of plant-based nanotechnological approaches, but the continuous dis- 
covery of new nucleases, some of them hypercompact, open new perspectives [123]. 
The recent results with CPP [121] are also promising. Nevertheless, the possibility 
to transiently edit in planta the germline, without relying on undifferentiated growth 
in vitro and de novo regeneration, and passing only the induced mutations to the 
progeny, remains a desirable objective not yet achieved. 


5 Conclusions and Perspectives 


Plant genome editing has been successfully demonstrated and applied to add or 
delete gene(s) in crop plants for functional genomic studies. The technology has 
gained momentum recently because of simplicity, efficiency, low cost and ability to 
target multiple genes. The variation in mutation efficiency in plants is associated 
with a number of different factors. Most importantly, the mode of delivery of the 
CRISPR/Cas9 components is of crucial importance for genome modification in 
plants. Plants have a complex genome structure due to common occurrence of poly- 
ploidy and other genomic re-arrangements. Thus, the delivery of CRISPR/Cas com- 
ponents to plant cells is still a challenge for researchers to attain high editing 
efficiency. There are many CRISPR delivery methods currently in use and develop- 
ment (Fig. 3.1). The various delivery methods such as biological (Agrobacterium- 
mediated, virus vector based), physical and chemical methods (PEG or biolistic 
based) are being applied to obtain efficient genome editing efficiency. Each delivery 
method has advantages and disadvantages. These methods deliver CRISPR systems 
to cells with the aid of chemicals or devices that make cells more amenable to deliv- 
ery. Besides that, scientists are developing new ways and means for the delivery of 
CRISPR components to plant cells with the aim of establishing highly efficient and 
genotype-independent delivery systems for genome editing (summarised in 
Table 3.1). We assume the novel delivery methods those provide the opportunity for 
generating transgene-free genome edited plants will be most preferred in the future. 
These transgene free methods will boost acceptance of CRISPR/Cas technologies in 
food and agriculture. 
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Fig. 3.1 Different delivery methods for components and T-DNA constructs to achieve genome 
editing in plant tissues. The left part of the scheme represents the delivery methods for in-vitro 
genome editing. While the right part of the infographic shows the in-planta methods for the deliv- 
ery of genome editing tools, those potentially could give edits in early generations without integra- 
tion of T-DNA. Additionally, the cargos for delivery of the different genome editing components 
are presented at the bottom 
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Chapter 4 A 
Balancing Trait Improvement gede 
with Tradeoff Side-Effects Using Genome 
Editing Technology 


Julia Johanna Wind 


Abstract Improving traits by breeding involves compromising between desired 
traits and possible undesired side effects. Often encountered examples include 
pathogen resistance versus yield, shelf life time versus fruit quality, and seed num- 
ber versus seed weight. Genome editing can be used to reduce the effect of some of 
these tradeoffs. Different genetic reasons underlying a tradeoff require different 
approaches: important to note is whether a detrimental effect is caused by a unique 
gene, or several analogs/ homologs, because the strategy needs to be adopted 
accordingly. Unique genes, for example, can be substituted by analogs, and homo- 
logs have the advantage that, amongst the available options, the gene causing the 
fewest pleiotropic effects can be altered in its activity. When the detrimental effect 
of a tradeoff is caused by two genetically linked genes, this can lead to linkage drag. 
To break this type of tradeoff genome editing can be used to force a crossover event. 
Overcoming a tradeoff can generate a new one, but can nevertheless result in an 
improved crop variety. 


1 Different Genetic Reasons Underlying a Tradeoff 


The first plant breeding technique was the selection and propagation of plants with 
improved heritable traits, which were based on the cumulative net positive outcome 
of genetic changes. In more modern breeding, Quantitative Trait Loci (QTL) studies 
have led to the discovery of alleles responsible for the improvement of traits. 
Molecular breeding was then developed to cross such alleles into the crop variety of 
interest, thereby increasing speed and accuracy of the breeding process. Studying 
the effects that these alleles had on a trait made apparent how common pleiotropic 
effects are due to the introduction of an allele from a wild donor to a receiving elite 
line: often the improvement of one trait goes hand in hand with negative effects on 
other traits. The association between breeding values of linked traits can be positive 
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or negative so that if one trait changes, other traits will change as well. A positive 
value indicates a win-win situation. For example, shorter plants have been shown to 
be easier for the mechanical harvest and also lead to a yield gain because plants put 
more energy into seed production. A negative value indicates a tradeoff: for exam- 
ple, an average increase in seed number often leads to a decrease in average seed 
weight. Genome wide association study (GWAS) experiments are very effective in 
indicating which genes or alleles are important for a given trait. Trait correlations 
are often caused by a set of genes that form the connection between two traits. 
However, some alleles have been discovered which cause breaks in trait associa- 
tions. They can be the key to overcoming tradeoffs. However, such findings are rare 
and can often not be translated to crop plants. Transgenic approaches can be used to 
introduce these alleles. Alternative approaches to influence trait associations include 
selection of novel alleles from mutant populations or targeted mutagenesis 
with genome editing. Mutant populations have been created by random mutagenesis 
with a mutagen such as ethyl methanesulfonate (EMS), and such populations are 
very expensive to make because they require thousands of chemically treated indi- 
viduals that are grown for multiple generations. Therefore, targeted mutagenesis is 
attractive as it can make targeted mutations in the gene or promoter of interest, so 
that only a few plants need to be edited instead of a large population. A few types of 
editing are discussed here: editing to create genetic variation including knockouts, 
editing to alter expression of target genes and cutting DNA to induce crossovers in 
recombination cold spots. These techniques are discussed in the context of a few 
well-known tradeoffs. 


2 Unique Genes 


During plant evolution, two important whole genome duplications have occurred. 
First, in the ancestral seed plant whole genome duplication has led to the divergence 
of the seed plants. Second, whole genome duplication in the ancestral angiosperm 
plant has led to the angiosperm radiation. These whole genome duplications lead to 
gene duplication. Changes accumulate in the gene copies over time, because the 
alleles are under different selective pressure. This can result in divergence of gene 
function. It was estimated that 65% of genes have at least one duplicated copy. 
Genes are often part of gene families, but this does not mean that they can always 
be substituted by a homolog or an ortholog: this is clear when a knockout or an 
allele of the gene results in a phenotype. Such genes can be important regulators of 
plant growth and development, and often have pleiotropic effects when they are 
modified. Therefore, reducing the negative effects of a tradeoff is most difficult for 
these types of genes. Most of the time, finding another gene that affects the trait in 
a similar way, but with fewer pleiotropic effects would be preferable. Three exam- 
ples of tradeoffs caused by unique genes are discussed in the next sections. 
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2.1 Flowering Time vs. Yield 


FLOWERING LOCUS T (FT) is a well-known and often studied flowering time 
regulator that is unique for its central role in the induction of flowering in most plant 
species [1]. Knockouts of FT exhibit a late flowering phenotype, and overexpression 
reduces time before flowering. FT also plays a role in control of growth, heterosis, 
tuberization and the regulation of stomatal opening in a variety of plants [1]. 
Therefore, FT can have pleiotropic effects on plant growth and development. 
Natural variation for flowering time in canola is frequently associated with FT 
alleles and comes with a biomass tradeoff [2]. Swinnen and colleagues have sum- 
marized examples from literature of genetic variation in cis-regulatory elements in 
genes that underly initial domestication of various crops [3]. A large part of these 
alleles are in the FT promoter, suggesting that altered expression pattern of this gene 
is of major importance in the domestication of crops, very likely due to its effect on 
flowering time and flowering synchrony. Pleiotropic effects are also evident in other 
flowering time regulators, such as TERMINAL FLOWER 1 (TFL1). Brassica 
napus knockouts for BnaC03.TFL1 does not only have reduced flowering time but 
also reduced plant height, as well as reduced branch number, number of siliques, 
and seeds per silique [4]. Variation in the FT promoter through genome editing 
technologies could result in more genetic variation aimed at reducing pleiotropy. 
Changing expression of FT is also likely to improve synchronous flowering as a 
positively correlated trait, but it might be hard to limit the negatively correlated 
traits that result from early maturity, because of the link between early flowering 
and early maturity. If earlier flowering time is needed, it could be preferred to find 
genes that can speed the overall growth so that the plant matures faster. A knockout 
in cpn60B4 in Arabidopsis thaliana was shown to accelerate plant development [5]. 
Using CRISPR, cpn60B4 orthologs could be knocked out in the species for which 
accelerated flowering is needed, as this gene is conserved in angiosperms [5]. This 
might lead to a similar effect on reducing flowering time without early maturity. 


2.2 Fruit Shelf Life vs. Lycopene Content 


The Food and Agriculture Organization from the United Nations has calculated that 
tomato has become the third most grown vegetable worldwide in the last decade and 
is therefore considered a very valuable crop [6]. Two properties are indispensable 
for the success of tomato: firmness and high lycopene content. Delayed ripening 
improves firmness and reduces the damage during the shipping of tomatoes as well 
as storability, while high lycopene improves the attractiveness for consumers, the 
value for the processing industry, as well as its nutritional value. Transcription fac- 
tors that are important in improving shelf life are NON-RIPENING (NAC-NOR) 
and RIPENING-INHIBITOR (MADS-RIN). Both proteins are not knockouts but 
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alleles causing a phenotype: NOR is a partially mistranslated but functional protein 
and RIN is a fusion between two proteins. They both cause physiological, transcrip- 
tional and hormonal changes in ripening tomato fruits. Both of these regulators 
delay fruit ripening in similar but not identical ways. Crossing the RIN mutation to 
eight different wild type tomato lines clearly demonstrated that the improvement of 
shelf life negatively correlates with reddening of the tomato in the F1 progeny, and 
it was shown that the reduced reddening is due to a twofold reduction of lycopene. 
Conclusively, RIN and NOR mutations can improve shelf life at the cost of lyco- 
pene production. However, transgenic lines aiming to improve astaxanthin content 
surprisingly accumulated high levels of lycopene and also displayed an improve- 
ment in shelf life [7]. The authors explain the phenotype as the result of the extended 
duration of lycopene synthesis, so lycopene can accumulate, whereas the lack of 
6-carotene or its metabolic products possibly reduced the feedback inhibition. This 
phenotype demonstrates that firmness and lycopene content are not necessarily 
always correlated. The genes that were overexpressed originated from marine bac- 
teria from the Brevundimonas genus and these genes are not present in tomato. 
However, the enzyme that forms B-carotene or its metabolic products are present in 
the tomato genome and hence could be knocked out. Alternatively, reducing the 
expression with an RNAi construct of a fruit-specific expressed pectate lyase 
(Solyc03g111690) reduced the softening of the tomato fruit, showing that it is pos- 
sible to bypass the overall climacteric ripening program [8]. This could be easily 
reproduced with a genome edit aiming to knockout or knockdown this gene. A third 
example that firmness and carotenoid levels are not always correlated is the pheno- 
type of the hp/ and hpl-w mutants. These plants produce tomatoes with delayed 
ripening, higher levels of carotenoid and other phytonutrients due to altered light 
transduction [9]. However, the authors point out that this results in undesirable 
whole plant phenotypic changes and therefore they suggest that the knockdown of 
the gene responsible for the phenotype, DNA damage-binding protein 1 (DDB1/), 
should be occurring only during fruit ripening. This demonstrates that the tradeoff 
of high lycopene content vs. delayed ripening can be resolved by taking one of sev- 
eral possible approaches that could bypass the tradeoffs: either by rerouting the 
lycopene pathway, directly targeting the enzymes involved in softening, or by alter- 
ing the light signaling pathway specifically in the tomato. 


2.3 Seed Number vs. Seed Weight 


For many crops, an increase in seed number leads to a reduction in seed weight. 
Grain Weight 2 (TaGW2-A1), is a well-characterized gene in wheat that has a posi- 
tive effect on seed weight but reduces the number of seeds. The introduction of the 
wild emmer allele GNJ-A/ into wheat was demonstrated to break this correlation 
because this allele could improve seed weight without affecting seed number, as 
reviewed by [10]. It was demonstrated that a single amino acid substitution is 
responsible for this (G182R). Alternatively, overexpressing an -expansin gene in 
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wheat led to transgenic lines with a higher seed weight, no significant change in 
seed number, and hence an increase in grain yield of 12.3% [10]. These two exam- 
ples show that an increase in seed weight does not always lead to a reduced seed 
number. The opposite was also demonstrated. In rice, elevated NOG/ expression 
was shown to increase the number of grains per plant without affecting the grain 
weight, and this was due to a natural variation of a 12 bp insertion in the promoter 
[10]. Crossing an allele that improves seed weight to another allele that improves 
seed number would be a good strategy to improve total yield. The above examples 
are in wheat and rice, and thus analogs/homologs should be found in other grain 
crops of interest. A list of candidates that could have a comparable function could 
be made, and these genes can be edited, either by SNP introduction (to GNI-A1 
homologs) or through promoter editing (for «-expansin or NOGI expression). This 
could be done simultaneously with genome editing technologies aimed at multi- 
plexing of editing tools. Together these examples show that the genetic link of two 
traits causing a tradeoff can be broken through introducing/creating/knocking out 
alleles that do not affect both traits. Different tools can be used to achieve this effect. 
The detailed molecular studies of tradeoffs allow for the use of targeted mutagene- 
sis. Hence, genome editing can be very helpful when multiple alleles need to be 
modified or when natural variants are not available in the available germplasm. 


3 Making Use of Expression Diversity in Orthologs/ 
Homologs 


As mentioned before, many genes are part of gene families. This essentially means 
that a mutation in such a gene, if is not dominant or dominant-negative, does not 
lead to a phenotype because the function is compensated by a homolog with a simi- 
lar function. For breeders this means that for many genes, single knock-outs are not 
effective for improving traits. However, if a gene that is important for a trait, is part 
of a gene family, and causes additional negative effects on other traits, there is an 
opportunity to substitute such a gene with a homolog. 


3.1 Fruit Size vs. Inflorescence Branching 


Using genome editing technology to modify promoters can be aimed at introducing 
single nucleotide polymorphisms (SNPs), small and larger deletions and even rear- 
ranging the promoter randomly though multiplex editing. Generating a population 
of plants with variations in the promoter sequence of a single gene can be used for 
fine-tuning the desired effect. A series of deletions in the promoter of CLAVATA3 in 
tomato (SICLV3) was linked to altered expression and it was shown that the altered 
expression coincided with an altered level of locule number and thus fruit size, 
though not predictably [11]. Reducing SICLV3 activity also promoted inflorescence 
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branching [12], which can lead to excessive number of fruits, dampening the effect 
that reduced SICLV3 expression can have on fruits size due to disturbed source to 
sink transport. It was shown that a null mutant for SICLV3 in tomato is compensated 
by elevated expression of the ortholog SICLE9 [12]. The authors also show that 
SICLE9 has a similar function as SICLV3, though the SICLE9 knockout has a weak 
phenotype with only a subtle effect on locule number. This means that an edited 
promoter population for either SICLV3 or SICLE9 could be a valid strategy to 
obtain a tomato plant with a high number of locules and regular inflorescence 
branching. 


3.2 Shorter Plants vs. Plant Morphology 


Mutants in the gibberellic acid biosynthesis and catabolism pathway often result in 
a dwarf or elongated phenotype respectively, due to modified gibberellic acid levels. 
However, this often comes with pleiotropic effects such as increased tillering in rice, 
increased culm bending in sorghum, and in one case can result in complete inhibi- 
tion of flowering in rice. Tomato internode elongated-I (EI-1) is a splice-site muta- 
tion in the SIGA20x7 gene. SIGA20x7 is a gibberellin 2-oxidase that catalyzes the 
breakdown of certain bioactive gibberellins and E/-/ results in a dwarf phenotype. 
EI-I leads to an increase in bioactive gibberellins in stems and petioles [13]. 
However, since SIGA20x7 is more highly expressed in hypocotyls and internodes 
than in petioles, the elongated internode mutation phenotype is stronger here. Due 
to this organ specific expression, EJ-1 exhibits a reduced elongation specific effect 
only, while its ortholog Solyc10g005360 has a different expression pattern and is 
therefore expected to have more pleiotropic effects, including in the leaves. 
Consequently, the former gene would be a preferred candidate for genome editing 
as higher expression could lead to shorter plants without affecting the morphology 
of the leaves. Similarly, in pea the mutant Le-/ has a mutation in a gibberellin 
3-oxidase, which results in a shoot specific phenotype, while the roots are unaf- 
fected. In summary, to shorten the height of a crop species, unwanted pleiotropic 
phenotypes could be avoided by learning about the expression patterns in all genes 
that are affecting this phenotype, and choosing a gene that has a tissue specific 
expression. 


3.3 Vitamin C vs. Growth 


Ascorbate peroxidases (APX) catalyze the H,O,-dependent oxidation of ascorbic 
acid (vitamin C) in plants, and can therefore reduce ascorbic acid levels. In 
Arabidopsis, a knocked out major cytosolic isoform of APX led to severe growth 
retardation. In contrast, in tomato there are nine homologs that encode for APX 
enzymes that catalyze the breakdown of ascorbate, with one being highest expressed 
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in red ripe tomato fruits. Specific mutation of SIAPX4 by genome editing led to an 
increase of ascorbic acid in fruit with no detected growth impairment [14]. Hence, 
this approach might be easily copied to other crops for the biofortification of fruits, 
in case their genomes contain a family of APX homologs. 


3.4 Blast Resistance vs. Yield 


Rice blast is a disease caused by the fungal pathogen Magnaporthe oryzae and is a 
huge problem in rice cultivation. Resistance to this disease has a tradeoff with yield. 
Pigm is a locus that has been used in breeding for durable and broad-spectrum resis- 
tance to rice blast. The locus consists of 13 homologs coding for NLR receptors and 
two of these, PigmR and PigmS are separated by just two genes. While PigmR con- 
fers blast resistance but at a yield cost, PigmS attenuates the blast resistance, and 
therefore counteracts the yield cost by promoting seed set [15]. Interestingly, 
increased expression by transgenic overexpression of both loci, overcomes this trad- 
eoff. Hence, the Pigm locus effect on yield could be improved by editing their pro- 
moters for improved expression of both. 


4 Overcoming Linkage Drag 


Sometimes a tradeoff is caused by two genes that are in close proximity to each 
other on a chromosome. Such genes might genetically be linked if recombination 
between the genes is low or absent. This would make separation of these genes dif- 
ficult or even impossible. If one of the two genes has a positive effect on a trait, but 
the other one has a negative effect on the same or another important trait, this pres- 
ents a tradeoff known as linkage drag. Linkage drag examples include virus resis- 
tance vs. yield in tobacco, viral resistance vs. bacterial resistance in tomato, abiotic 
stress resistance vs. yield and quality traits in sunflower, and heading date vs. root 
biomass in wheat. In a series of near isogenic lines, the precise site was determined 
where recombination could break the tradeoff between viral resistance and bacterial 
resistance in tomato [16]. Recombination of the 7-3 gene out of the donor Solanum 
pennelli introgression at the end of the chromosome would remove the unknown 
gene from S. pennelli that causes bacterial spot susceptibility. The technology to 
induce precise crossover events is still in development, but some progress has been 
made. Controlling the recombination event has been shown in yeast. In plants link- 
age drag could be broken by swopping chromosome arms between linked loci [17]. 
The authors also demonstrated how two chromosome arms were exchanged in the 
ALS2 locus for the Solanum pennellii and Solanum lycopersicum cv. M82. This 
shows that performing controlled recombination to remove a gene with a deleteri- 
ous effect while maintaining the novel introgressed allele in plants is a promising 
new breeding tool. 
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5 Concluding Remarks and Future Perspectives 


Applying genome editing technology to reduce tradeoff side-effects has potential as 
a tool in plant breeding. Especially knockout editing or promoter editing has been 
proposed due to their broad applicability. More precise edits can result in altered 
protein function, and to obtain this, different editing technologies are being devel- 
oped [18]. Due to the nature of DNA editing enzymes and the properties of chromo- 
somes in alive cells, not every nucleotide can be edited in such a controlled manner. 
Also, off-target effects are a problem for genome editing success. Solving this 
remains a challenge for the future. It should be considered that not all crops can be 
edited yet. For example, incomplete sequenced genomes, difficulty in editing itself, 
resistance to regeneration or obligatory outcrossing are hurdles to overcome. Some 
tradeoffs were broken through an allele that was discovered with a QTL experiment. 
Other tradeoffs can be broken through editing (promoters) of genes, especially if 
tradeoff-breaking alleles have not been discovered in the crop of interest. Both 
approaches can be useful additions to the breeders’ toolbox. Breaking tradeoffs is 
not easy. In fact, breaking one tradeoff could create a novel one. An example is the 
GNP1"° allele in rice which has broken the seeds number vs. seed weight tradeoff. 
When this allele was introduced in the Lemont background, this did not result in a 
higher yield because the variety could not meet the increased sink capacity needed 
for the filling of the grains [10]. So next, the grain number vs. sink capacity tradeoff 
needs to be addressed. In the end, by balancing tradeoff side-effects with trait 
improvement, new crop varieties can be bred that meet novel breeding demands. 
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Chapter 5 A 
CRISPR/Cas Mutation Screening: geat 
From Mutant Allele Detection 

to Prediction of Protein Coding Potential 


Elke Vereecke, Katrijn Van Laere ®, and Tom Ruttink 


Abstract CRISPR/Cas is a gene-editing technique that allows for the precise and 
specific introduction of a mutation into a DNA sequence. The outcome of a muta- 
tion on encoded protein depends on the type of mutation (deletion, insertion and/or 
substitution) and the position of the mutation in the DNA sequence. It can be pre- 
dicted by using screening methods that are able to identify a mutation at nucleotide 
level. Here, several screening methods are discussed with a difference in complex- 
ity, resolution and scalability and the results are interpretated by taken into account 
the central dogma of the molecular biology. Two modules of the SMAP package, 
SMAP haplotype-window and SMAP effect-prediction, are proposed and imple- 
mented in a high-throughput screening workflow that allows for the automated and 
streamlined screening of CRISPR experiments. 


1 Precision Gene Editing: Design Guided by Gene 
Structural Features 


Gene editing, e.g., by CRISPR/Cas, is widely used for plant functional genomics 
research and has huge potential for targeted improvement of desired heritable traits 
in crops [1]. The precision and specificity of CRISPR/Cas allows for dedicated 
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Fig. 5.1 The central dogma of molecular biology posits that the genetic information encoded 
in a genic DNA sequence is transcribed into messenger RNA (mRNA) and then translated 
into protein. Transcription factors bind to regulatory elements in the promoter of a gene and the 
flanking genomic DNA sequence is transcribed into pre-messenger RNA (pre-mRNA) by an RNA 
polymerase. This pre-mRNA molecule matures through the removal of introns resulting in the 
juxtaposition of exons to form mature mRNA. The mature mRNA is translated into a protein by 
ribosomes that start from the translation initiation (START) codon and follow the open reading 
frame (ORF) until the first translation termination (STOP) codon. Transcription and translation are 
tightly interrelated dynamic processes that are regulated at different levels and rely on various 
structural features in a gene [2]. Therefore, mutations in a DNA sequence may affect any of these 
processes and gRNAs and CRISPR/Cas DNA modifiers may be designed to create specific changes 
in the expression, structure, stability, activity, and/or function of a protein 


screening for induced mutant alleles at target sites. Combinations of mutant alleles 
detected by molecular screens on the one hand, with the central dogma of molecular 
biology that explains the relationship between the primary DNA sequence, gene 
structural features, and expression of the encoded protein (Fig. 5.1) on the other, 
allows prediction of the effect of the mutation on protein functionality. Thus, a com- 
prehensive gene editing screening workflow to characterize the generated mutants 
ideally spans the entire path between “gene structure based” CRISPR/Cas and 
gRNA design, molecular detection of the mutant alleles, and prediction of the effect 
of the mutation on the encoded protein sequence, hence capturing the actual out- 
come of gene editing. Here, we review the different types of mutations that can be 
introduced by variants of CRISPR/Cas gene editing, highlight several molecular 
screening and detection techniques and place them in this overarching perspective. 


2 Types of Mutations Introduced by CRISPR/Cas Mediated 
Gene Editing 


In its basic form, CRISPR/Cas mediated gene editing introduces a double-stranded 
DNA break at a specific genomic position defined by the gRNA. Subsequent non- 
perfect repair via non-homologous end-joining (NHEJ) or via homology-directed 
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repair (HDR) results in the introduction of mutations in the target DNA sequence 
[3]. Mutations induced by CRISPR/Cas occur within a short range flanking the 
protospacer adjacent motif (PAM) site (e.g., 3-4 bp upstream of the PAM site for 
Cas9). NHEJ creates allelic series of mutations, typically in the range of short dele- 
tions and insertions (one up to tens of nucleotides), or few substitutions. Potential 
target sites, cleavage efficiencies, and induced scarring patterns may be predicted 
based on the gRNA sequence using machine learning, but accurate models for 
plants require further training on large-scale data sets [4, 5]. CRISPR/Cas is widely 
used to create targeted gene knockouts in several plant species. For example, Wang 
et al. [6] used CRISPR/Cas to knock out the susceptibility genes of the mildew- 
resistance locus (MLO) in wheat, generating wheat that is resistant to powdery mil- 
dew [6]. Mutations in a gene that result in a non-functional protein encoded by that 
gene, as described for the mutations in the MLO genes, are called loss-of-function 
(LOF) mutations and can occur when the ORF downstream of the mutation is dis- 
rupted (out-of-frame indel or frameshift) [7]. 

The CRISPR/gRNA complex may also be used as location-specific vehicle to 
deliver DNA sequence modifiers to a given location and modify the primary 
sequence (like base-editing or prime-editing) or epigenetic state [8, 9]. In base- 
editing, a cytidine deaminase (C:G-to-T:A) or adenosine deaminase (A:T-to-G:C) is 
linked to the CRISPR/gRNA complex and is used for the conversion of a single 
nucleotide at a specific position [8]. Base-editing can be used to create a specific 
point mutation, which may result in a single amino acid change in the protein 
sequence, a premature STOP codon or alter a splicing acceptor or donor site [10]. 
For example, in tomato and potato, base-editing was successfully used to convert a 
cytidine into a thymine in the acetolactate synthase (ALS) gene, conferring resis- 
tance to herbicides [11]. Mutations in a gene that result in an enhanced activity or 
functionality of the protein encoded by that gene, as described for the mutation in 
the ALS gene, are called gain-of-function (GOF) mutations. 

While base-editing can only be used for two types of nucleotide substitution, 
prime-editing can introduce all kinds of predefined mutations, including the dele- 
tion, insertion, and/or substitution of specific nucleotides [12]. A prime-editing sys- 
tem consists of a Cas enzyme with nickase activity, reverse transcriptase, and 
prime-editing guide RNA (pegRNA) with a primer binding site for the specification 
of the genomic target site and an RNA template that encodes the desired edit [13]. 
It was already successfully used in rice for the insertion of a fragment up to 15 bp in 
the OsCDC48-T1 gene [12] and for the triple amino acid substitution in the EPSPS 
gene in rice to confer a higher level of glyphosate resistance [14]. 

CRISPR/Cas and its variants are also able to target DNA sequences at gene regu- 
latory sites, e.g., transcription factor binding sites, splicing sites, and translation 
initiation and/or termination codons, thus changing gene structural features or cod- 
ing potential. This will affect the different processes driving transcription, MRNA 
maturation, and translation (Fig. 5.1). In addition, the epigenetic state can be modu- 
lated by fusing the CRISPR protein with an epigenetic modifier that can affect the 
methylation state at DNA level or affect the methylation and/or acetylation state at 
nucleosome level (histone modification) [15, 16]. For example, Gallego-Bartolomé 
et al. [17] were able to reactivate the transcription of the FWA gene by 
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demethylation of the FWA promotor using a dead Cas9 fused to the human 
demethylase TET2cd [17]. 

In short, CRISPR/Cas and its variants can be used to introduce a range of muta- 
tions into a DNA sequence that have different effects on the encoded protein. LOF 
or GOF mutations can be generated to study the role of certain proteins in biological 
processes, to confer resistance to pathogens or herbicides, to divert the metabolic 
flux of biosynthesis pathways towards valuable compounds, etc. 


3 Screening Methods: Complexity, Resolution, 
and Scalability 


Different screening methods are available to detect the outcome of CRISPR/Cas 
gene editing, to identify which plant material contains a desired gene edited 
sequence, and to evaluate the mutation efficiency. Screening methods may apply 
different detection methods (physical properties of an amplified allele vs sequencing- 
based), comprise targeted or untargeted screening (local sequencing of the predicted 
edited site (e.g., amplification or capture of the gRNA binding site and flanking 
regions), or global sequencing (e.g., WGS, RNA-Seq)), and with different levels of 
throughput and automation (via locus and/or sample multiplexing). 

Simply put, any standard molecular detection technique that can discriminate 
DNA sequence variants (alleles) can also be used to detect CRISPR-induced mutations 
(Fig. 5.2). PCR-amplification of the target region, coupled to a detection method 
such as high-resolution melting (HRM) [18], fluorescent probe binding (qPCR or 
ddPCR [19]), or amplicon length polymorphism (agarose gel-electrophoresis, 
capillary fragment analysis, or mismatch detection assay [20] (a variant of Cleaved 
Amplified Polymorphic Sequences (CAPS) markers), or IDAA [20]) can be used to 
identify mutated alleles (Fig. 5.2). In addition, Kompetitive Allele-Specific PCR 
(KASP [21]) or primer—extension assays [22] may be used to screen for expected 
SNPs. These techniques are cheap, easy to implement, and allow for quick routine 
screening of gene edited mutant collections [23]. However, they only indirectly 
show the presence of a mutation, and not the actual, exact mutant DNA sequence at 
the nucleotide level, a prerequisite to interpret the effect of the mutation on the 
encoded protein. 

Amplification and sequencing of target loci of mutants provides information on 
the specific nucleotides that are deleted, inserted and/or substituted (Fig. 5.2). 
Sanger (dideoxy-) sequencing generates electropherograms allowing for the deter- 
mination of the DNA sequence and the identification of mutations [23, 24]. The 
interpretation of the electropherogram can be challenging, as multiple nucleotides 
can be called at the same position due to heterozygous insertions, deletions and/or 
substitutions. Therefore, several computational tools have been developed to decon- 
volute the electropherograms, such as Tracking of Insertions and Deletions (TIDE) 
[25], CRISP-ID [26], Deconvolution of Complex DNA Repair (DECODR) [27], 
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Fig. 5.2 A targeted mutation screening workflow. Mutations can be introduced into a DNA 
sequence using CRISPR/Cas and the CRISPR/Cas-based variants base-editing and prime-editing. 
Screening methods are needed to evaluate if a mutation has occurred. In this screening workflow, 
the different steps needed to: (1) identify if a mutation occurred (differential detection based on 
physical attributes of amplicons); (2) identify which mutation (deletion, insertion, substitution) 
occurred at nucleotide level (sequencing-based methods); and (3) evaluate the effect of the muta- 
tion on encoded protein sequence (Fig. 5.1) are illustrated together with the expected outcome of 
the different steps 


and Inference of CRISPR Edits (ICE) [28]. These tools utilize distinct algorithms to 
analyze electropherograms from a wild-type and a gene edited sample, generating a 
list with predicted mutated sequences [24]. The sensitivity of Sanger sequencing for 
alternative alleles in a heterozygous or otherwise mixed sample is about 15% [29]. 
Consequently, low-efficiency editing is likely to be overlooked. Furthermore, these 
methods are typically performed with a separate amplification and detection reac- 
tion for each sample and each locus (simplex), limiting the scalability for mutation 
screens to large collections at multiple target loci. 

Next Generation Sequencing NGS allows for massive parallel sequencing and 
analysis of heterogeneous samples and substantially lowers the per-sample and 
per-locus costs in high-throughput mutation screens [3]. Because of its deep read 
coverage, NGS sensitivity for alternative alleles is 0.1-1% and thus enables screen- 
ing of bulk samples (e.g., protoplasts after transfection), and efficient 1D, 2D or 3D 
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pooling schemes [28]. In addition, multiplex amplicon sequencing combined with 
incorporation of sample-specific barcodes during library preparation facilitates par- 
allel sequencing at hundreds of loci, in hundreds of samples per sequencing run. 
NGS yields targeted resequencing data that can be analyzed via bioinformatics tools 
such as CRISPResso2 [30] and SMAP haplotype-window [31] (Fig. 5.3). In SMAP 
haplotype-window, sequencing reads are mapped to a reference and the entire read 
sequence spanning the region between borders (typically the amplicon primer bind- 
ing sites) is considered as an allele [31]. All the unique alleles are sorted and counted 
for the calculation of relative allele frequency per locus per sample. A region of 
interest (ROD can be defined to focus the analysis on mutations introduced by the 
gene editing technique in a narrow nucleotide window and ignore additional 
sequence variants at distance from the edit site. Every allele is compared to the ref- 
erence in its entirety, allowing for the detection of any combination of insertion, 
deletion, and/or substitution. SMAP haplotype-window will generate an integrated 
genotype call table with all the observed alleles per locus per sample. Since it is 
agnostic to the length of the deletion, insertion, or substitution, it can detect any 
mutation resulting from an edit in the primary DNA sequence in a given window, as 
long as the amplicon or read length spans the mutated allele. SMAP haplotype- 
window can also process probe-capture enriched, WGS, and RNA-Seq read data 
from global resequencing screens, for a given list of target loci. PacBio sequencing 
[32] and nanopore MinION sequencing [33] can be used to detect long-range inser- 
tions and deletions, as well as epigenetic DNA modifications introduced by 
CRISPR/Cas. 


4 Mutation Screening in a Broader Perspective: 
From Nucleotide to Protein 


The current repertoire of CRISPR/Cas DNA modifiers combined with gRNA speci- 
ficity, generates a huge array of design possibilities, especially when based on the 
principles that predict how protein sequences may be altered by editing the genomic 
nucleotide sequence. A mutation screening workflow that draws on clever CRISPR 
design, in turn, should be able to consider detected mutated alleles in their respec- 
tive gene context and classify the mutated alleles based on predefined desired alleles 
(e.g. a unique base-edit) or on percentage protein sequence similarity to the original 
wild-type allele [7]. 

The SMAP effect-prediction module from the SMAP package estimates the 
novel encoded protein sequence and is the final step in the mutation screening 
workflow (Fig. 5.3) [31]. SMAP haplotype-window generates a list of all observed 
haplotypes per locus per sample, which is directly used as input for SMAP effect- 
prediction, together with all positional information on gene structural features. 
SMAP effect-prediction replaces a segment of the original reference gene sequence 
by the observed mutated sequence and evaluates all the splicing sites, the translation 
initiation codon, open reading frame, and translation termination codon [31]. 
After translation of the most likely ORF in the mutated allele, the amino acid 
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Fig. 5.3 SMAP haplotype-window and SMAP effect-prediction can be used to analyze highly 
multiplex amplicon sequencing data and to estimate the novel encoded protein sequence. 
SMAP haplotype-window is a module of the SMAP package that is used to analyze the sequencing 
reads obtained from NGS. It maps the sequencing reads (in this figure illustrated for a bulk sample) 
to the reference genome, groups all the alleles with the same mutations, determines a ROI and 
calculates the mutation frequency. SMAP effect-prediction is used to provide biological interpreta- 
tion of the different mutations that were introduced by substituting the wild-type allele with the 
mutant allele(s) in the reference genome and translating the novel genic sequence. Mutation types 
include a frameshift mutation, in-frame indel, missense mutation, deletion, silent mutation and 
nonsense mutation 
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sequence is aligned to the original reference protein and the percentage protein 
sequence similarity is estimated as quantitative score for the remaining protein 
functionality. Proteins may no longer resemble the original reference protein 
(frameshift mutation or nonsense mutation), proteins can be identical to the original 
reference protein (silent mutation), etc. (Fig. 5.3). A threshold value can be set for 
the percentage sequence similarity to the original reference protein still needed for 
a protein to perform its function. DNA mutations that result in a protein with a lower 
percentage of similarity as a given threshold value can be defined as a loss-of- 
function mutation [34]. 


5 Conclusions 


CRISPR/Cas and CRISPR/Cas variants are widely used to introduce mutations into 
a DNA sequence. However, mutations can have different effects on the function of 
a gene and its encoded protein. Here, we describe a molecular screening workflow 
that focuses on the path from CRISPR/Cas and gRNA design, through screening for 
mutant alleles, and prediction of the effect of the DNA sequence mutation on the 
encoded protein, all implemented in modules of the SMAP package. By using 
SMAP haplotype-window and SMAP effect-prediction, the detected mutated alleles 
are placed in their respective gene context, and the mutated alleles can be classified 
based on percentage of protein sequence similarity to the original wild-type allele. 
This high-throughput screening workflow allows for the automated and streamlined 
screening of multiplex CRISPR experiments, in large mutant collections (locus and/ 
or sample multiplexing) and enables fast and easy interpretation of the effect of the 
mutant alleles on the protein sequence, and automated routine identification of car- 
riers of desired alleles. 


References 


1. Mao, Y., Botella, J.R., Liu, Y., Zhu, J.-K.: Gene editing in plants: progress and challenges. 
Natl. Sci. Rev. 6, 421-437 (2019) 

2. Roos, D., de Boer, M.: Mutations in cis that affect mRNA synthesis, processing and transla- 
tion. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1867, 1-21 (2021) 

3. Bell, C.C., Magor, G.W., Gillinder, K.R., Perkins, A.C.: A high-throughput screening strat- 
egy for detecting CRISPR-Cas9 induced mutations using next-generation sequencing. BMC 
Genomics. 15, 1-7 (2014) 

4. Abadi, S., Yan, W.X., Amar, D., Mayrose, I.: A machine learning approach for predicting 
CRISPR-Cas9 cleavage efficiencies and patterns underlying its mechanism of action. PLoS 
Comput. Biol. 13, 1-24 (2017) 

5. Allen, F., et al.: Predicting the mutations generated by repair of Cas9-induced double-strand 
breaks. Nat. Biotechnol. 37, 64-82 (2019) 

6. Wang, Y., et al.: Simultaneous editing of three homoeoalleles in hexaploid bread wheat confers 
heritable resistance to powdery mildew. Nat. Biotechnol. 32, 947—951 (2014) 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25, 


26. 


2T. 


28. 


29. 


CRISPR/Cas Mutation Screening: From Mutant Allele Detection to Prediction... 87 


. Gerasimavicius, L., Livesey, B.J., Marsh, J.A.: Loss-of-function, gain-of-function and 


dominant-negative mutations have profoundly different effects on protein structure. Nat. 
Commun. 13, 1-15 (2022) 


. Azameti, M.K., Dauda, W.P.: Base editing in plants: applications, challenges, and future pros- 


pects. Front. Plant Sci. 12, 1-13 (2021) 


. Li, J., et al.: Development of a highly efficient prime editor 2 system in plants. Genome Biol. 


23, 1-9 (2022) 

Kluesner, M.G., et al.: CRISPR-Cas9 cytidine and adenosine base editing of splice-sites medi- 
ates highly-efficient disruption of proteins in primary and immortalized cells. Nat. Commun. 
12, 1-12 (2021) 

Veillet, F., et al.: Transgene-free genome editing in tomato and potato plants using 
agrobacterium-mediated delivery of a CRISPR/Cas9 cytidine base editor. Int. J. Mol. Sci. 20, 
1-10 (2019) 

Lin, Q., et al.: Prime genome editing in rice and wheat. Nat. Biotechnol. 38, 582-585 (2020) 
Jin, S., Lin, Q., Gao, Q., Gao, C.: Optimized prime editing in monocot plants using 
PlantPegDesigner and engineered plant prime editors (ePPEs). Nat. Protoc. 18, 831-853 (2023) 
Li, H., Li, J., Chen, J., Yan, L., Xia, L.: Precise modifications of both exogenous and endog- 
enous genes in Rice by prime editing. Mol. Plant. 13, 671-674 (2020) 

Xie, N., Zhou, Y., Sun, Q., Tang, B.: Novel epigenetic techniques provided by the CRISPR/ 
Cas9 system. Stem Cells Int. 2018, 1-12 (2018) 

Dubois, A., Roudier, F.: Deciphering plant chromatin regulation via CRISPR/dCas9-based 
epigenome engineering. Epigenomes. 5, 1—16 (2021) 

Gallego-Bartolomé, J., et al.: Targeted DNA demethylation of the arabidopsis genome using 
the human TET! catalytic domain. Proc. Natl. Acad. Sci. U.S.A. 115, E2125—E2134 (2018) 
Li, R., et al.: Rapid and sensitive screening and identification of CRISPR/Cas9 edited rice 
plants using quantitative real-time PCR coupled with high resolution melting analysis. Food 
Control. 112, 1—6 (2020) 

Peng, C., et al.: Accurate detection and evaluation of the gene-editing frequency in plants using 
droplet digital PCR. Front. Plant Sci. 11, 1-8 (2020) 

Sentmanat, M.F., Peters, S.T., Florian, C.P., Connelly, J.P., Pruett-Miller, S.M.: A survey of 
validation strategies for CRISPR-Cas9 editing. Sci. Rep. 8, 1-8 (2018) 

Kalendar, R., Shustov, A.V., Akhmetollayev, I., Kairov, U.: Designing allele-specific 
competitive-extension PCR-based assays for high-throughput genotyping and gene character- 
ization. Front. Mol. Biosci. 9, 1-13 (2022) 

Pereiro, I., et al.: Arrayed primer extension technology simplifies mutation detection in Bardet- 
Biedl and Alström syndrome. Eur. J. Hum. Genet. 19, 485-488 (2011) 

Bennett, E.P., et al.: INDEL detection, the ‘Achilles heel’ of precise genome editing: a sur- 
vey of methods for accurate profiling of gene editing induced indels. Nucleic Acids Res. 48, 
11958-11981 (2020) 

Carrington, B., Sood, R.: A comprehensive review of Indel detection methods for identifica- 
tion of Zebrafish knockout mutants generated by genome-editing nucleases. Genes (Basel). 
13, 1-16 (2022) 

Brinkman, E.K., Chen, T., Amendola, M., van Steensel, B.: Easy quantitative assessment of 
genome editing by sequence trace decomposition. Nucleic Acids Res. 42, e168—e168 (2014) 
Dehairs, J., Talebi, A., Cherifi, Y., Swinnen, J.V.: CRISP-ID: decoding CRISPR mediated 
indels by Sanger sequencing. Sci. Rep. 6, 28973 (2016) 

Bloh, K., et al.: Deconvolution of complex DNA repair (DECODR): establishing a novel 
deconvolution algorithm for comprehensive analysis of CRISPR-edited sanger sequencing 
data. CRISPR J. 4, 120-131 (2021) 

Conant, D., et al.: Inference of CRISPR edits from sanger trace data. CRISPR J. 5, 
123-130 (2022) 

Hagemann, I.S.: Overview of technical aspects and chemistries of next-generation 
sequencing. In: Clinical Genomics, pp. 3-19. Elsevier Inc. (2015). https://doi.org/10.1016/ 
B978-0-12-404748-8.00001-0 


88 


30. 


31. 


32. 


33. 


34. 


E. Vereecke et al. 


Clement, K., et al.: CRISPResso2 provides accurate and rapid genome editing analysis. Nat. 
Biotechnol. 37, 220-224 (2019) 

Schaumont, D. et al.: Stack Mapping Anchor Points (SMAP): a versatile suite of tools for read- 
backed haplotyping. bioRxiv 2022.03.10.483555 (2022) 

Rhoads, A., Au, K.F.: PacBio sequencing and its applications. Genomics Proteomics 
Bioinformatics. 13, 278-289 (2015) 

Feng, Y., Zhang, Y., Ying, C., Wang, D., Du, C.: Nanopore-based fourth-generation DNA 
sequencing technology. Genomics Proteomics Bioinformatics. 13, 4-16 (2015) 

Develtere, W., et al.: SMAP design: a multiplex PCR amplicon and gRNA design tool to screen 
for natural and CRISPR-induced genetic variation. Nucleic Acids Res. 51, e37—e37 (2023) 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 


The images or other third party material in this chapter are included in the chapter’s Creative 


Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Chapter 6 A) 
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Daniela Palma, and Giorgio Morelli 


Abstract CRISPR technology is revolutionizing genomic engineering by enabling 
scientists to precisely modify plant DNA, thus representing a powerful tool for plant 
breeding. 

This chapter provides a summary of the approaches and constraints of CRISPR- 
mediated genome editing in plants, with a focus on the critical prerequisite of effi- 
cient CRISPR reagents for successful gene editing in plants. 

While computational tools have tremendously improved our ability to design 
specific guides, their limitations make guide effectiveness prediction unreliable, 
especially for plants. Therefore, it is strongly recommended to validate CRISPR 
reagents before investing time and resources in the challenging process of plant 
transformation. 

A number of in vitro and in planta assays coupled with analytical methods have 
been proposed to assess the editing performances. Each approach has its own 
strengths and weaknesses, so the choice of the most suitable system depends on the 
specific plant species and the type and depth of the genotypic data required. 

In many cases, the hairy root assay can provide a good compromise between 
rapidity, reliability and cost-effectiveness for assessing editing performance in 
numerous plant species. 


Keywords CRISPR - Genome editing - Guide design - Guide efficiency - 
Computational tools - Agroinfiltration - Protoplasts - Hairy roots - Genotyping 


F. D’Orso (b) - V. Forte - S. Baima : M. Possenti - D. Palma - G. Morelli 
CREA - Research Centre for Genomics and Bioinformatics, Rome, Italy 
e-mail: fabio.dorso @crea.gov.it 


© The Author(s) 2024 89 
A. Ricroch et al. (eds.), A Roadmap for Plant Genome Editing, 
https://doi.org/10.1007/978-3-03 1-46150-7_6 


90 F. D’Orso et al. 


1 Introduction 


With the introduction of precision genome editing using Clustered Regularly 
Interspaced Palindromic Repeats (CRISPR) and CRISPR-associated protein (Cas) 
technology, we have entered a new era of genetic engineering. CRISPR technology 
has allowed straightforward, cost-effective and efficient gene editing compared with 
technologies as zinc finger nucleases (ZFNs) and transcription activator-like effec- 
tor nucleases (TALENs). CRISPR represents a new perspective for plant breeding 
and a powerful alternative for genetic engineering to speed up the introduction of 
improved traits by precise and predictable modifications (deletions, substitutions, 
insertions) directly in an elite background [38]. Major challenge for the application 
of genome editing in crop breeding is generating plants without introducing a trans- 
gene, and this has led to new challenges for the regulation and social acceptance of 
genetically modified organisms (GMO). Furthermore, CRISPR technology can pro- 
duce novel plants transgene-free indistinguishable from natural variants or gener- 
ated by conventional breeding techniques [42]. Nowadays it has emerged as a 
powerful tool for applications in medicine, agriculture, and basic studies of gene 
function. In plants, since the first demonstration of CRISPR in DNA editing in 2013 
there has been much progress in basic plant science and crop improvement with 
applications for biotic and abiotic tolerance, yield performance improvement, bio- 
fortification and enhancement of plant quality [118] ranging from model plant, like 
Arabidopsis thaliana, to food crops [38]. 

In addition, CRISPR technology can accelerate crop domestication, a labour- 
intensive process involving alteration of a plant from its wild state to a new form 
that can serve human needs. Recently, CRISPR was used to domesticate wild 
tomato, Solanum pimpinellifolium, which is remarkably stress tolerant but is defec- 
tive in terms of fruit production [77]. In one study, six loci that are important for 
yield and productivity were targeted, and the engineered lines displayed increased 
fruit size, fruit number and fruit lycopene accumulation [157]. 

In prokaryotes, CRISPR/Cas are a family of DNA sequences found in bacteria 
and archaea genomes and as adaptive immune system that naturally protects cells 
from DNA virus infections [38]. As biotechnological tool, the CRISPR/Cas9 sys- 
tem is comprised of the Cas9 endonuclease and a synthetic single guide RNA 
(sgRNA), which combines functions of CRISPR RNA (cRNA) and trans-activating 
CRISPR RNA (tracrRNA) to direct the Cas9 protein to the DNA target sequence 
preceding the protospacer-associated motif (PAM) [153]. 

Various strategies and different types of CRISPR/Cas systems, as genetic manip- 
ulation tools, have been attempted to generate and study the impact of functional 
mutations in crop improvement [92]. 

Furthermore, the requirement for a specific PAM sequence is a major factor 
restricting the selection of target sequences. For this reason, different engineered 
SpCas9 or orthologous Cas9 nucleases derived from different organisms, able to 
recognize different PAM sequences, have been used for genome editing [28]. 

The desired genetic modification is initiated by inducing double stranded breaks 
(DSBs) into a target sequence by using nucleases, and it is subsequently attained by 
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DNA repair through Non-Homologous End Joining (NHEJ) or homology-directed 
repair (HDR) [36]. 

The events of genome editing in plant according to the NHEJ mechanism 
described in the literature, are mainly represented by gene knock-out [117]. The rate 
of knock-in is much lower [41]. In fact, NHEJ plays a major role in the repair of 
DSBs through insertions and deletions (indels) at the junction, which change the 
nucleotide sequence information surrounding the repair region [140]. These indels 
may cause frameshifts and lead to knock-out of the corresponding gene [122]. 

HDR-mediated genome editing, also known as gene targeting (GT), is the 
approach to introduce precise insertion (knock-in) using information from an exog- 
enously supplied DNA donor template to repair the break. The information is cop- 
ied from the donor template to the chromosome, achieving the desired DNA 
sequence modification [22]. GT in higher plants was extremely difficult for decades. 
One of the obstacles in achieving HDR has been the ability to deliver sufficient 
donor templates to the plant cell to repair the DSB [51]. Development of approaches 
to improve GT efficiencies in plants are in progress; however, there is still no uni- 
versal and efficient method for increasing the knock-in frequency. Currently the 
best approach for precise modification of plant genomes is geminivirus-mediated 
Gene targeting, but also other non HDR-mediated approaches like Base Editing 
(BE) and Prime Editing (PE) are promising [44]. 

Irrespective to the nuclease or editing system, a major concern of CRISPR/Cas 
technology is the guide efficiency and specificity for a given gene [74]. Moreover, 
despite the huge repertoire of CRISPR-based molecular tools and their great poten- 
tial for improving food and nutrition security, genome editing application in agricul- 
ture is still slowed down by some limitations. One of the main bottlenecks is the 
ability to regenerate transformed plants. This process is very time consuming and 
labour intensive; in many cases leading to very low transformation frequency espe- 
cially for those species and genotypes which are recalcitrant to plant regeneration or 
suffer poor transformability. Due to this reason, it becomes essential to rely on 
highly efficient editing systems and, consequently, execute a flawless experimental 
design. This should include a careful choice of the most suitable editing system and 
the validation of the CRISPR reagents before undertaking the stable transformation. 
In particular, the evaluation of the guide efficiency is of utmost importance to ensure 
a successful CRISPR experiment. 


2 Approaches and Constraints of Genome Editing Using 
CRISPR Technology 


2.1 CRISPR-Based Editors 


Many CRISPR-based genome editing tools have been developed to facilitate effi- 
cient plant genome engineering. Thanks to its flexibility, efficiency and low cost, 
CRISPR/Cas technology has been widely used in plants for fundamental and 
applied research. 
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CRISPR/Cas systems are divided into two distinct classes according to their 
structures and functions: class 1 systems (including types I, HI, and IV) that use 
multiprotein complexes to destroy foreign nucleic acids, and class 2 systems 
(including types II, V, and VI) that use single proteins [93]. 

The CRISPR/Cas9 system (type ID is the most frequently used. It is composed 
of a Cas9 nuclease and an engineered single guide RNA (sgRNA). The sgRNA 
comprises a scaffold sequence necessary for Cas binding and a specific DNA 
sequence designed to be complementary to the target DNA site, followed by a short 
DNA sequence acting as a binding signal for Cas9 (Protospacer Adjacent Motif — 
PAM). Every Cas9 requires a specific PAM to recognize and cleave the target DNA: 
for example the widely used Cas9 from Streptococcus pyogenes (SpCas9) recog- 
nizes an 5’-NGG-3’ PAM sequence [134]. Cas9 contains two nuclease domains, 
HNH and RuvC, which break the double-stranded DNA (dsDNA) site primarily 
near the PAM in the target DNA. The resulting DSB is then usually repaired by the 
NHEJ repair pathway that is the most active repair mechanism; this usually leads to 
nucleotide insertions or deletions (indels) at the cleavage position. This system 
enables targeted mutations to be introduced into genomes with high efficiency, but 
the resulting mutations can vary and are not easy to predict. 

Although SpCas9 is very efficient, its specific PAM requirement, target specific- 
ity and the large protein size limit its applications. To overcome this limitation, 
several Cas9 orthologs and variants have been studied for their suitability in genome 
editing, exhibiting diverse preferences for PAM sequences, and varying in their 
molecular weights. These include Staphylococcus aureus (SaCas9), Neisseria men- 
ingitides (NmeCas9), Streptococcus thermophilus (StCas9), Campylobacter jejuni 
(CjeCas9) and others [88]. The PAM sequences recognized by these Cas9s are rela- 
tively complex, which limits the widespread use of these nucleases in genome edit- 
ing. However, some engineered Cas9 variants with an increased PAM compatibility 
have been reported, such as VQR-Cas9 (NGA PAM), VRER- Cas9 (NGCG PAM), 
EQR-Cas9 (NGAG PAM), xCas9 (NG, GAA and GTA PAM), SpCas9-NG (NG 
PAM), SpG, and SpRY, a near-PAMless SpCas9 variant (NRN>NYN PAMs) [88]. 
These variants allow the targeting of simple, non-canonical PAM sites, thus expand- 
ing the range of targetable sequences. 

In addition to the Cas9 proteins, class 2 type V CRISPR-Cas systems involving 
Cas 12a (or Cpf1) and Cas12b (or C2c1) have been adopted for modifying genomes 
at AT-rich PAM sequences [10], and presently AsCpf1, LbCpf1, and FnCpf1 are the 
most common types of Cpf1 used in genome editing. Another interesting alternative 
Cas nuclease recently identified is the type I CRISPR/Cas 10 that causes long-range 
deletions [143]. An applicative example can be found in Osakabe et al. [111] where 
a 7.2 kb deletion has been obtained in tomato. 

During CRISPR experiment design, a major concern is the guide efficiency and 
specificity. In fact, although this system can be programmed to virtually cleave any 
sequence preceding the PAM site sequence, it does not always succeed to target all 
the predicted sites [91]. Multiple guides designed with different target sequences 
determine the rate at which simultaneous modifications can be introduced in the 
genome and therefore the ability to perform comprehensive genome engineering at 


6 Methods and Techniques to Select Efficient Guides for CRISPR-Mediated Genome... 93 


corresponding specific sites [30]. This feature is especially important to edit multi- 
ple loci simultaneously in the same individual. 

CRISPR system has also been used to achieve a precise change in the plant 
genome by different approaches like homology-directed DNA repair (HDR)- 
mediated GT [44], BE [50, 82] and PE [6, 44, 82]. 

GT is an HDR-mediated targeted gene replacement that requires the presence of 
a DNA donor template containing the desired sequence delivered with the guide and 
Cas9. GT enables specific nucleotide changes ranging from a single nucleotide 
change to large insertions or deletions. However, GT is inefficient because HDR 
occurs with extremely low frequency in plants, limiting the widespread use of this 
process for gene modification. 

Different strategies have been applied to improve GT efficiencies, such as 
increasing the copy number of the repair template using geminivirus replicons or 
releasing the template from a T-DNA or manipulating the DNA repair pathway to 
improve HDR frequency [44], but despite these attempts, efficiencies are still low. 

Unlike HDR, base editors (BE) do not require the formation of DSBs and a 
repair template. In general, a base editor is composed of an impaired nuclease, nick- 
ase (nCas9) or dead (dCas9) fused with a deaminase that can convert a nucleotide 
into a different one. According to the action types of deaminases, the BE systems 
are classified as the cytosine BE (CBEs convert C to T), the adenine BE (ABEs 
convert A to G) and dual-base editors. In these years several base editors have been 
developed using Cas protein variants with different PAM requirements (SpCas9, 
SaCas9, SaKKH-Cas9, VQR-Cas9, SpRY, SpCas9-NG), testing several deaminases 
to improve editing efficiency (APOBEC, BE3, AID, CDA1, A3A, ABE7.10, 
ABEmax, ABE8e, ABE9) and engineering their connection to Cas9 to alter position 
and width of the editing window [50, 102]. Currently, efficient editing from C to T 
and A to G have been achieved with the BE, but not all BE systems work equally in 
plants and the technology has still some limits. BE is limited by the targeting scope 
of Cas, it can only work in a narrow activity window and it has a low accuracy when 
multiple target nucleotides of the deaminase are present within the activity window. 
In addition, the purity of the cytosine base editing (CBE) product depends on the 
uracil N-glycosylase inhibitor (UGI). 

Prime editing (PE) is a precise genome editing technology capable of introduc- 
ing a predefined change in a genome without the need for a DSB. PE can achieve a 
variety of edits, including all 12 types of base substitution, small indels, and replace- 
ments. The PE system consists of a Cas9 nickase (nCas9) fused with a reverse tran- 
scriptase (RT) enzyme Moloney Murine Leukemia Virus RT (M-MLYV RT), and a 
PE gRNA (pegRNA), an engineered standard sgRNA targeting the specific genome 
sites that specifies the target site and encodes the desired edit [6]. The nCas9/ 
pegRNA complex binds to the desired target region and nicks one strand of the tar- 
geted DNA, providing a primer to initiate the production of edited DNA, while the 
pegRNA act as a template for reverse transcription. 

Different versions of PEs have been developed in plants, such as PE], PE2, PE3 
e PE3b [102]. Unfortunately, the editing efficiency of PE is low. Different strategies 
have been used to increase PE efficiency, such as the use of alternative promoters for 
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the expression of Cas9 and RT, as well as the codon optimization of their coding 
sequences and the fusion with nuclear localization signals [50]. Furthermore, a 
recent study in rice has shown that designing primer binding site with a melting 
temperature of 30 °C and the use of two pegRNAs in trans encoding the same edits 
enhanced the editing efficiency [86]. However, the editing efficiency of PE is still 
low and further improvement is needed to broaden its application in plants, by opti- 
mizing key parameters such as RT enzyme type, experimental condition, and 
pegRNA design [50]. 


2.2 Plant Transformation and Regeneration Bottlenecks 


To initiate a CRISPR-mediated genome editing experiment, CRISPR reagents are 
delivered into plant cells through various methods such as agrobacterium-based 
delivery [2], particle bombardment [112], or protoplast-based delivery [152]. 
Regardless of the delivery method, plant cells must undergo tissue culture proce- 
dures after transformation or transfection to obtain fully edited plants. The process 
of organogenesis involves three phases: cell dedifferentiation, cell reprogramming, 
and the development of new apical meristems (root apical meristem or shoot apical 
meristem) [11, 73]. These steps are challenging, time-consuming, and 
labor-intensive. 

The success of the regeneration process depends on the ability of explant cells to 
overcome their programmed cell type. Once reprogramming and regeneration are 
activated, cells acquire a new fate, leading to the generation of new meristems and 
organs. However, the process is not linear and can encounter obstacles in each 
phase, affecting organ or plant development. 

Factors such as the ratio of auxins and cytokinins [128], carbon sources, salts, 
vitamins ([25, 151], hormones [40], and the type of explant used [33] can influence 
the success of regeneration. Epigenetic factors [90] and other intrinsic factors like 
hormones, hormone receptors, transcription factors, and hormone signal transduc- 
ers [11, 73] also play a role in guiding cell fate during the regeneration process. 

Certain plant species, like Nicotiana and tomato [37, 48], can be regenerated in 
vitro with relatively high efficiency, while others like pepper [97] or fruit trees [95, 
100, 137] exhibit strong recalcitrance to regeneration. One strategy to enhance 
regenerative capacity is the expression of key transcription factors involved in meri- 
stem organization and development, such as BABY BOOM [14, 131], WUSCHEL 
[13, 18, 58], and SHOOT MERISTEMLESS [18, 156]. 

The regenerative capacity of each species can be a limiting factor when using 
genome editing technologies. These processes can act as bottlenecks in the gene 
editing pipeline, particularly for plants that are difficult to culture and regenerate in 
vitro. Therefore, it is crucial to test and validate the efficiency of the CRISPR guides 
used for mutagenesis to increase the likelihood of successful mutagenesis events 
and reduce the number of plants needed for analysis after transformation and 
regeneration. 
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3 In Silico Designing of a Successful CRISPR Experiment 


3.1 Features Affecting CRISPR-Mediated Editing 


When designing a CRISPR experiment, the main issue to be taken into account for 
successful gene editing is the optimal trade-off between efficiency and specificity of 
CRISPR machinery. The ultimate goal is to maximize the on-target mutation rate 
and to avoid off-target mutations, which can occur when unintended genomic sites 
are cleaved due to sequence homology with the target site(s). 

The specificity issue is less problematic in plant breeding than in clinical research 
because unwanted mutations can be segregated away from the on-target mutation(s) 
by crossing mutants with wild-type plants. However, the crossing procedure can be 
laborious, time-consuming, or even impossible for perennial plants and asexually 
propagated crops. Consequently, as general rule, it is important to choose the RNA 
guides with highest specificity scores (minimum off-target risk) [35, 103]. Being 
tightly dependent on the sequence homology, the off-target risk is normally predict- 
able by in silico analysis and nowadays many bioinformatic tools are freely avail- 
able. While SpCas9 tolerates single-base mismatches in the PAM-distal region, the 
proximal region is much more sensitive, even single mismatches can inhibit the 
cleavage [47, 62]. Then only guides whose off-sites have at least 1-2 mismatches 
within the PAM-proximal region should be considered highly specific. 

On the contrary, mutagenesis efficiency is another bottleneck for genome editing 
in plants. In fact, low mutation frequency coupled with poor regeneration perfor- 
mance may jeopardize the success of the experiment leading to no edited plants. 

Several aspects can affect a CRISPR-mediated editing experiment and concern 
intrinsic features of the nucleases and, most importantly, those of the RNA guides, 
which are different depending on the DNA sequence to be mutagenized. 

When designing a CRISPR experiment, the first step is deciding which type of 
nuclease to use. In plants, the codon-optimized versions of SpCas9 from Streptococcus 
pyogenes are the most used nucleases. Normally its PAM (NGG) is well distributed 
in the genome [12], therefore, unless specific requirements are needed, NGG-PAM 
is usually suitable for generating loss-of-function mutants. While for T-rich regions, 
Cpfl has found a wide application in plant genome editing [10]. However, in some 
cases it is necessary to edit specific genomic regions for which SpCas9 or Cpf1 can- 
not be used, e.g. in Gene-Targeting, Base Editing or Prime Editing experiments. 
Having a wide repertoire of gene editing tools at one’s disposal guarantees a better 
chance of obtaining the desired mutation. To this end, many efforts have been made 
to engineer SpCas9 to expand its ability to recognize different [70] or more flexible 
PAMs [144]. Furthermore, Cas9 orthologues with different PAM preferences have 
been identified and used for GE [23, 46, 104, 120, 133]. 

Considering the huge genetic variability in microorganisms, it is expected to see 
an increasing number of Cas nucleases available for genome editing in the near 
future. To this end, Ciciani et al. [27] developed a computational pipeline to identify 
and isolate sequence-tailored Cas9 nucleases expanding the genome editing toolbox 
to respond to possibly any PAM requirement. 
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The availability/distribution of PAMs within the gene of interest identifies potential 
target sites for mutagenesis. However, not all positions within the gene are equiva- 
lent. The choice of the sequence target depends on the specific aim of the editing. In 
certain cases, such as the removal or disruption of a specific regulatory element on 
the promoter or intron, or when modifying a particular sequence by Base Editing, 
Prime Editing or Gene-Targeting, there may be limited flexibility for selecting the 
target sequence. To knock-out gene function, it is generally recommended to target 
the coding sequence relatively close to the N-terminus to generate a premature ter- 
mination codon (PTC). However, targeting of regions too close to the initial ATG 
might be impractical due to a lack of PAMs. Even if it were possible, there is a risk 
that other ATG codons downstream of the mutation could act as a translation re- 
initiation site, leading to N-terminally truncated proteins with partial activity [129]. 
If the functional or structural domain(s) of the protein are already characterized, the 
guide can be designed to target those specific domains, rendering the protein non- 
functional [125]. However, designing guides on a single exon might not guarantee a 
successful knockout if alternative splicing eliminates the mutated exon and pro- 
duces a partially functional protein [129]. Other strategies include designing guides 
that bind on the exon-intron junctions to disrupt the splicing site and generate mis- 
processed mRNA, or attempting to delete the entire gene by designing target 
sequences upstream and downstream of the coding sequence. However, the latter 
approach may occur at a low frequency due to the length of the gene. Point muta- 
tions on the promoter and untranslated regions (UTRs) may have just a little effect 
on the expression and stability of the mRNA, respectively. For instance, it has been 
observed in mammalian cells that sgRNAs targeting the 5’ and 3’ UTRs were highly 
ineffective [34]. To ensure gene disruption, the best strategy is to employ multiple 
guides targeting different positions along the gene, leading to multiple mutations or 
deletions of varying size. 

In addition to the selection of the nuclease and the position on target gene, 
another critical aspect in a CRISPR experiment is the guide’s ability to form the 
complex with the nuclease and to trigger the cut on the target site. Several papers 
have investigated the characteristic of an ideal guide for optimal mutation induction, 
primarily based on SpCas9 system. It has been observed that nucleotide composi- 
tion, GC content and secondary structure play a pivotal role in determining guide 
efficiency. 

Wang et al. [145] found that the nucleotide composition at the PAM proximal 
region was an important factor determining cutting efficiency, in particular the 
purines (G/A) are preferred in the last 4 bases of the guide, while the pyrimidines 
are disfavored. These data have been substantially confirmed in other papers; in 
particular, there is a strong evidence about the preference of a G in the first position 
before the PAM [34, 103, 148] and the disfavoring of the T at the last 4 bases of the 
spacer [34, 148]. In plants, Liang et al. [83] did not find a specific relationship 
between spacer nucleotide composition and guide efficiency. This finding suggests 
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that there might be a distinction between animals and plants in this regard. However, 
it is worth noting that further analysis is required as the authors used fewer guides 
in their study. 

CG content has a great impact on sgRNA efficacy [34, 91]. Doench et al. [34] 
found that sgRNAs with low (35%) or high (75%) CG content were less active in 
mammalian cells. Similarly, in plants Liang et al. [83] showed that for the 97% of 
the efficient guides, the CG content spanned between 30% and 80%; then this is the 
range to be taken into consideration when designing a guide. 

In addition to base composition, secondary structures of sgRNA can affect the 
ability to form the ribonucleoproteic complex and/or its activity. Alterations in the 
canonical secondary structure of the sgRNA, can impede the interaction between 
the sgRNA scaffold and the Cas9 or the binding of the sgRNA seed sequence with 
the target DNA. Hairpin formation in the spacer region of the guide can prevent the 
recognition of the target DNA and so its cleavage [91]. Liang et al. [83] evaluated 
the secondary structure of a population of effective ssRNAs and found some com- 
mon features which allowed to determine some criteria to design the guides. Based 
on this analysis, it was suggested to check the secondary structure and select guides 
with an overall intact tetra loop structure (especially for the loops 2, 3 and RAR), 
with no more than 12 spacer bases pairing with other bases of the sgRNA and no 
more than 7 consecutive base pairs. Moreover, the spacer sequence should have a 
low level of self-pairing with no more than 6 base pairs. 


3.3 Computational Tools for Guide Activity Prediction 


Conventionally, computational methods for efficient and specific guide designing 
can be classified into three groups: (1) alignment-based methods; suitable guides are 
designed based only on the alignment, and retrieving on the genome by locating the 
PAM sequence; (ii) hypothesis-driven; guide activity is predicted by using empiri- 
cally rules (GC content or nucleotide composition at position 20); (iii) machine and 
deep learning-based; guides are scored by using training models which consider 
several features [71, 98, 149]. 

The most reliable predictions come from the hypothesis-driven and learning- 
based methods [146, 150, 154] because they are driven by previously described 
features [149]. However, learning-based models are considered the current cutting 
edge for in silico guide efficacy prediction. The development of reliable models 
requires large datasets of guides and their respective cut performance determined 
experimentally. Many algorithms have been developed to design guide suitable for 
SpCas9 like Azimuth 2.0, CRISPRpred, TUSCAN, CRISPRscan, sgDesigner and 
many others reviewed in Konstantakos et al. [71]. Furthermore, some computational 
algorithms emerged also for Cpfl, deepCpf1 [66] and SaCas9 [106]. To date, many 
web-based bioinformatic platforms are available for guide design and estimation of 
on- and off-target activity that rely on one or more above-mentioned computational 
methods [43]. 
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Considering the wide availability of software tools for guide design, choosing 
the most appropriate is challenging. There are several features which should be 
taken into consideration such as the kind of input that the program allows, type of 
nucleases they support, algorithms used to predict on- and off-target activity, avail- 
ability of genome of interest. The latter is a crucial point as a large number of soft- 
ware tools do not operate with guide design for plants. The most used and 
recommended tools for plants are: CRISPOR, CRISPR-P, RGEN Cas designer, or 
CHOPCHOP [43]. Among them, CRISPOR is one of the most complete and reli- 
able. It supports hundreds of species and tens of different nucleases, giving a wide 
coverage in terms of organisms and molecular tools. Also, it integrates multiple 
scoring models for sgRNA efficiency prediction for SpCas9, in particular it uses 
CRISPRscan algorithm [103] and Azimuth 2.0 algorithm [35], considered a state- 
of-the-art model [71], but also deepCpfl and Namj’s models for Cpf1 and SaCas9, 
respectively. Furthermore, CRISPOR predicts CRISPR/Cas outcomes in terms of 
probability to obtain out-of-frame deletions based on the microhomology around 
the target site [7] or to obtain frameshift due to any type of insertion or deletions 
[24]. About the specificity, CRISPOR includes scores, such as MIT [47] and CFD 
[35], for off-targeting prediction and gives support for off-sites identification in the 
genome and for primer designing. 

Albeit machine learning-based guide design algorithms represent exceptionally 
useful tool, they have some limitations. Most of computational models have been 
built by using datasets regarding guide performances of SpCas9. With the exception 
of SaCas9 and Cpfl, other cas nucleases remain completely deprived of reliable 
models for an optimal guide design. Furthermore, it is important to emphasize that 
the efficiency prediction reliability may depend on the cell type or on species [80], 
and that many algorithms have been developed with human or animal datasets. 
Therefore, it is not obvious that they work equally well for plants. Indeed, Naim 
et al. [105] examined the prediction performances of several on-line tools and they 
did not find a statistical correlation between software rankings and in vivo effective- 
ness measured in several plants. This suggests that current algorithms based on rules 
designed for guides in animals do not perform well for plants. 

Consequently, further efforts are required to improve in silico guide design for 
plant genome editing. With this in mind, after a preliminary in silico evaluation of 
guide efficiency by using the most suitable tools, it is advisable to experimentally 
test their performance before starting with a plant stable transformation. 

About prime editing, in addition to usual features of sgRNAs which mediate the 
binding on the target sequence, other aspects must be evaluated during pegRNA 
design. In fact, it has two more components affecting the editing efficiency, the RT 
template which guides the DNA repair and a PBS which anneals to the nicked target 
DNA strand [6]. It has been recommended that the length range should be between 
9 and 15 nt for PBS and 10-15 for RT templates [68]. Moreover, Lin et al. [86] 
found that, in rice, the optimal melting temperature of PBS should be 30 °C. 

Many computational tools have been developed for pegRNA design, Easy-Prime 
[78], PrimeDesign [48], pegFinder [26], PnB Designer [127], PINE-CONE [132], 
PE-Analyzer [53], peg-IT [4], PlantPegDesigner [61, 86]. Unfortunately, very few 
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are suitable for plants. The most advanced one is PlantPegDesign [61, 86] which 
was developed on the basis of rice experimental data and takes into consideration a 
series of known parameters such as optimal Tm, the exclusion of the first C in the 3’ 
extension of the RT template, length of RT, GC content of the PBS and the PE win- 
dow. This tool is promising, but at the moment it has been used to predict efficient 
pegRNAs only in rice. More study would be necessary to investigate if 
PlantPegDesign algorithm parameters are suitable for other plants or if they need to 
be reevaluated and adjusted accordingly. 

At present, the application of prime editing in plants presents significant chal- 
lenges. Therefore, it would be appropriate to experimentally validate pegRNAs 
before starting stable transformation in order to save time and resources. 


4 Experimental Approaches for CRISPR Reagent Validation 


Stable transformation and plant regeneration are tedious, time-consuming and cost 
intensive. Moreover, for certain species, especially crops, they still pose a challenge 
[1]. Having efficient CRISPR reagents, particularly guides, is a crucial aspect to 
realistically obtain edited plants. Since reliable computational software, based on 
plant specific training datasets is lacking, the evaluation and selection of the most 
efficient guides should be carried out experimentally. Over time, a number of pro- 
cedures have been proposed to validate the effectiveness of CRISPR reagents in 
plants (Fig. 6.1). 


4.1 Endonuclease Cleavage In Vitro Assay 


An easy way to test guide efficiency is through the endonuclease cleavage in vitro 
assay. It has been demonstrated that CRISPR reagents can successfully work in 
vitro, and protocols have been developed to produce and purify recombinant cas 
nucleases by heterologous expression. Additionally, guides can be prepared by in 
vitro transcription followed by ribonucleoprotein complex assembly and cleavage 
activity assays [3, 101]. This approach has been used to assess the effectiveness of 
the CRISPR system with the specific guide [60, 65, 67, 94]. Such a system is very 
simple and rapid, and the availability of commercial purified nucleases and in vitro 
transcription kits make even easier and attractive its application for guide evalua- 
tion. However, the reliability of this system is undermined by several aspects. The 
efficiency of T7-mediated in vitro transcription can be affected by the nucleotide 
composition of the initially transcribed region [31]. Consequently, the altered 
amount of guides transcript can affect the efficiency of the cleavage leading to 
potentially misleading results. Moreover, in vitro cleavage assay cannot simulate 
the in vivo expression level of nuclease and guide, which is one of the well-known 
factors affecting the mutagenesis rate. It has been shown that low concentrations of 
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Fig. 6.1 Outline of CRISPR-mediated genome editing design experiments (a) Schematic rep- 
resentation of the first step in the CRISPR-mediated genome editing experiments, involving the 
use of bioinformatic tools to design specific and efficient guides suitable for plant genomes. The 
selected guides meeting the desired specificity and efficiency criteria undergo experimental valida- 
tion as shown in (b). (b) Experimental validation methods for the selected guides, including in 
vitro cleavage assay as a pre-screening system to reduce the number of guides for in planta valida- 
tion. Depending on the species and desired genotyping depth, different assays such as agroinfiltra- 
tion, protoplasts, or hairy roots can be employed. (c) Analytical methods used for genotyping in 
genome editing experiments. Various techniques can be selected based on the specific require- 
ments of the experiment. (Image sources: Some images have been obtained from the freely avail- 
able collection on the pixabay.com website) 


SpCas9 reduce on-target cleavage activity [47]. In addition, the in vitro assay does 
not replicate the accessibility to the genomic target sequence and the in vivo bio- 
chemical conditions for the folding of guide secondary structures. Recently, 
Sagarbarria and Caraan [123] found a discrepancy between in vitro and in vivo 
evaluation of sgRNA efficiency, as guides that appeared to be functional in vitro did 
not lead to successful mutagenesis in stable transformed plants of S. melongena. 

Lastly, the in vitro approach, while can provide insights into cut efficiency, has 
limitations in predicting the types of mutations induced by the repair systems after 
the DSB. It also does not offer information regarding the ability of Base or Prime 
editors to introduce the desired edits, nor does it provide any information on the risk 
of off-targets in the genome. 

For these reasons, the in vitro approach cannot be considered truly predictive of 
mutagenesis efficiency and should be taken into account only as pre-screening 
method. To better simulate physiological conditions and obtain reliable estimates of 
the mutagenesis rates, in vivo systems should be preferred. 
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42 Agroinfiltration Assay 


Transient expression systems constitute a good compromise between ease and reli- 
ability for testing the efficacy of CRISPR reagents before proceeding with stable 
transformation. Acting directly on the genome, these systems provide more detailed 
and realistic information about the in vivo cleavage and mutagenesis efficiency. 
Additionally, they offer the advantage of being rapid to execute, as they do not 
involve time-consuming tissue culture. 

Among the in vivo approaches used with plants, agroinfiltration is a rapid method 
that involves the use of special strains of Agrobacterium tumefaciens. These modi- 
fied bacteria, that have inserted the CRISPR machinery genes into the T-DNA, are 
infiltrated into the intercellular space of plant tissues by syringe or vacuum infiltra- 
tion. This process leads to the transient expression of nuclease and guide. 
Agroinfiltration can be performed in various parts of the plant, such as fruit [110], 
petal [52], whole seedling [75] and pollen [32]. However, the most commonly used 
organ for agroinfiltration is the leaf, for which numerous of protocols have been 
optimized (reviewed in [63]) and high level of expression and high transformation 
efficiency have been reached [130]. The main advantage of this technique is its 
rapidity, with high expression levels of transgenes typically achieved within a few 
days [63]. For this reason, transient agroinfiltration has been widely used as a pre- 
liminary experiment to test the effectiveness of constructs expressing guides and cas 
nucleases for in vivo targeting of specific genes through CRISPR-mediated genome 
editing. 

In some cases, this system has been used as proof-of-concept study for assessing 
whether the CRISPR machinery was active in different species of interest [16, 59, 
75, 107, 136], or for testing new cloning approaches to assemble CRISPR con- 
structs [64, 141]. Moreover, several studies have reported the use of agroinfiltration 
as a technique to experimentally validate constructs before proceeding with stable 
transformation. Baltes et al. [8] tested the activity of Cas9 and sgRNAs in Nicotiana 
benthamiana to target Be YDV replicons. Zhang et al. [155] used the agroinfiltration 
to verify the mutagenesis efficiency of hundreds of guides in tomato and N. ben- 
thamiana to edit 63 immunity associated genes. 

Overall, the agroinfiltration method has several limitations. The transformation 
efficiency may depend on many factors, including the biological compatibility and 
tissue accessibility of the plant species (and genotypes) with A. tumefaciens [147]. 
For example, comparing some CRISPR constructs harboring guides which recog- 
nize the identical target sites in both species, Zhang et al. [155] found a much lower 
mutagenesis in tomato than N. benthamiana, concluding that agroinfiltration system 
in tomato leaves can give misleading results underestimating the guides efficiency. 

To overcome the incompatibility, the recalcitrance or the inaccessibility which 
make agroinfiltration problematic for some plant species, the guide efficiency could 
be determined by co-transforming the CRISPR system (Cas9 and guide) with its 
target DNA in N. benthamiana. This method was developed by Khan et al. [64] as a 
proof of concept that an exogenous gene (YFP) transiently co-transformed in 
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N. benthamiana together with CRISPR apparatus can be successfully mutated. This 
system could allow to assess virtually any guide for its target DNA from any species. 

Another limitation of agroinfiltration is the inability to accurately estimate the 
mutagenesis efficiency due to the presence of genomic DNA from non-transformed 
cells. This can introduce variability in the results, as there is no selection of cells 
that have integrated the T-DNA. In particular, Li et al. [75] showed that the muta- 
genesis efficiency appeared to be higher when using protoplast transfection com- 
pared to foliar agroinfiltration in both A. thaliana and N. benthamiana. They 
proposed that this difference might be attributed to a higher gene transfer efficiency 
in protoplasts which leads to a different dilution ratio between transformed and 
untransformed genomic DNA. 


4.3 Protoplast Assay 


Protoplasts, plant cells deprived of cell wall, are very useful biological and biotech- 
nological tools for both basic and applied plant science [152]. They are mainly, but 
not exclusively, obtained from leaf through mannitol-mediated plasmolysis and 
exposure of mesophyll cells to cell-wall-digesting enzymes (macerozyme and cel- 
lulase). Due to the high transfection efficiency and rapidity, protoplasts have become 
an excellent system to evaluate the effectiveness of CRISPR vectors in plants before 
attempting to transform an entire organism [152]. PEG-mediated protoplast trans- 
fection has been employed in a multitude of plant species to check the efficacy of 
designed CRISPR tools, not only in model plants like Arabidopsis [60], N. ben- 
thamiana [60] or N. tabacum [85], but also in several crops, including both dicoty- 
ledonous [88, 103] and monocotyledonous plants [15, 85]. 

Once the protocols for protoplast isolation and transfection are established, the 
protoplast platform to validate CRISPR constructs is simple, reliable, and not 
expensive. The yield of viable protoplasts is normally high, and this allows several 
tests to be carried out from the same preparation, e.g. to evaluate many CRISPR 
constructs or to examine different experimental conditions [9]. Moreover, proto- 
plast transfection is suitable for both RNPs and plasmids, making it possible to 
assess not only the effectiveness of the cas-guide complex activity, but also different 
plasmid architectures, and to make a comparison between RNPs and plasmids. 
Jiang et al. [60] showed that RNPs are more efficient than plasmids, suggesting that, 
despite production and purification of cas nuclease and guides may be more chal- 
lenging (or costly, if purchased) than extracting plasmid from bacteria, RNPs may 
offer better mutagenesis performance, providing a greater guarantee of successful 
editing of target genes. Another important feature of protoplast platform is its ver- 
satility. Many studies have focused on the evaluation of mutagenesis rate caused 
mainly by SpCas9 (and its variants or orthologs) and Cpfl to give random mutations 
on target sites. Furthermore, it has been proven that protoplasts can be useful to 
detect also precise mutagenesis events, like those determined by HDR-mediated 
Gene-Targeting, Prime Editing [60] and Base Editing [39]. 
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Although the plant protoplast platform is robust and widely applicable in multi- 
ple plant species, it does have certain limitations. Protoplasts, despite their high 
transfection efficiency, require specific expertise for their careful handling, from 
isolation to transfection. The transfection of protoplast generates thousands of inde- 
pendent events, which can be genotyped using various systems. For precise and 
detailed information about the mutations generated by the CRISPR machinery, 
amplicon sequencing by NGS is the preferred technology, but it requires specific 
expertise that may not always be readily available, unless an external service is 
used. Furthermore, even with NGS technology, there is still some uncertainty 
regarding the exact mutation rate and composition. This is because it is not possible 
to differentiate between transfected and non-transfected protoplasts from the total 
DNA extracted, unless a transfection marker, such as a GFP reporter, is employed. 


44 Hairy Root Assay 


A possible way to overcome the weaknesses of agroinfiltration and protoplast trans- 
fection can be given by Agrobacterium rhizogenes mediated hairy roots generation. 

The hairy root system is a rapid and convenient approach for obtaining stably 
transformed roots. It is based on the natural ability of Agrobacterium rhizogenes 
(Rhizobium rhizogenes) to infect injured parts of the plant, triggering root organo- 
genesis from the wounded sites and giving origin to the well-known “hairy root 
disease”. The combination of hairy root approach and CRISPR/Cas techniques rep- 
resents an excellent platform for an easy, rapid, accurate and cost-effective evalua- 
tion of CRISPR reagents, with the added value of a possible functional analysis of 
genes of interest in roots. 

Currently, in the literature there are several articles reporting the use of hairy root 
transformation to deliver CRISPR vectors in a multitude of plant species such as 
tomato [56, 81, 121], potato [19], cucumber [108], soybean ([20];), Brassica napus 
[57], peanut [126], papaya [45], Populus [139], rubber dandelion [54], Brassica 
carinata [69], Salvia miltiorrhiza [76], Medicago truncatula [99]. 

The main advantage of the hairy root assay counts on the fact that transformed 
roots can serve as a simulation of stable whole plant transformation. Each root can 
be considered an independent transformation event, and the transformation effi- 
ciency is very high, as escapes can be avoided by antibiotic-mediated selection. 
These characteristics facilitate straightforward and rapid genotyping, enabling the 
calculation of the mutagenesis rate as the proportion of roots harboring at least one 
edited allele among the total number of transformed roots. 

The drawbacks of this system include the need for some tissue culture proce- 
dures and a waiting time between the infection of the explant and formation of the 
hairy roots, which can range from 10 days to several weeks depending on the plant 
species. However, these drawbacks are offset by the simplicity and speed of geno- 
typing using PCR followed by Sanger sequencing. The availability of commercial 
PCR kits with engineered DNA polymerase that are resistant to PCR inhibitors 
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present in plant extracts allows for direct genotyping of root fragments without the 
need for genomic DNA purification, using minimal amounts of plant material. This 
enables the amplification of numerous samples in a short period of time. 

Many plant species, mostly dicotyledonous, are A. rhizogenes susceptible, con- 
sequently from these plants it is easy to obtain hairy roots transformed with T-DNA 
harboring CRISPR machinery. This characteristic makes the hairy root system a 
promising method of choice for evaluating guide efficiency or new CRISPR sys- 
tems in a rapid and reliable way. Furthermore, it has been shown that tomato hairy 
roots exhibit morphological similarity to normal adventitious roots, making them a 
valuable tool for studying the function of genes in this organ [121]. In cases where 
target genes are completely inactivated, hairy roots can provide insights into the 
potential phenotypic changes that may arise in roots after stable transformation with 
CRISPR constructs. 

A typical hairy root protocol workflow, established in our lab to evaluate CRISPR 
approaches in tomato, is described in the Fig. 6.2. With some adaptations, this pro- 
tocol can serve as a roadmap for designing and validating genome editing experi- 
ment in other plant species. 
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Fig. 6.2 Workflow of CRISPR construct assembly and hairy root generation from tomato 
explants. The workflow illustrates the steps involved in the generation of CRISPR constructs and 
the induction of hairy roots in tomato explants. First, computational tools are used to design the 
guides required for the CRISPR experiment. The guide expression cassette is then produced and 
assembled with the nuclease and antibiotic resistance expression cassettes. These components are 
combined to form the final constructs. The CRISPR constructs are cloned into Agrobacterium 
rhizogenes cells, which are used to infect cotyledon and/or leaf explants from 10-15 day old 
tomato plantlets. The infected explants undergo a co-cultivation process with Agrobacterium rhi- 
zogenes for 3 days. Subsequently, the explants are transferred to a selective medium and incubated. 
After approximately 2 weeks, the first hairy roots start to develop and can be collected. The col- 
lected hairy roots are then subjected to direct genotyping using PCR followed by Sanger sequenc- 
ing to analyze the desired genomic modifications. (Image sources: Some images have been 
obtained from the freely available collection on the pixabay.com website) 
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Genotyping is a pivotal step to assess the editing efficiency of CRISPR constructs 
or RNPs. Effective screening methods are necessary before undertaking the time- 
consuming transformation and regeneration procedures to validate the efficacy of 
genome-editing reagents (guide and nuclease) in order to increase the efficiency of 
genome editing. For this purpose, many experimental methods and bioinformatic 
tools have been developed to detect and analyze indels generated after CRISPR- 
mediated targeting. 

The choice of analytical technique depends mainly on the type of information 
required in terms of mutagenesis occurrence, precise identification of indels and the 
accurate frequency of each type of mutation. Some editing approaches, such as Base 
Editing, Prime Editing and HDR-mediated knock-in, are not very efficient and the 
desired mutations may occur at very low frequencies. In these cases, the detection 
and quantification of induced mutations are very challenging and require specific 
methods for large-scale mutation detection. Conversely, when gene inactivation 
with typical out-of-frame mutations is desired, frequencies are normally higher, 
partly because a wide range of indels can result in a knockout effect. In these cases, 
techniques that can provide qualitative (or semi-quantitative) information about 
mutagenesis occurrence are preferred. Such techniques should be simple and cost- 
effective, should not require special equipment, and should enable the detection of 
a mutated allele in a background of wild-type alleles even when mutations are 
obtained at a very low frequency or in a complex polyploid plant genome. 

Although sequencing will ultimately be required to confirm and identify the 
exact sequence of the mutant DNA, the availability of powerful high-throughput 
strategies during the screening stage can significantly reduce the cost involved in 
generating and identifying mutants. 

A commonly used method for detecting modified genes relies on the enzymatic 
cleavage of heteroduplexes formed, after melting and re-annealing, by hybridization 
of wild-type and mutated DNA strands or two differently mutated DNA strands. A 
bacteriophage resolvase, such as T7E1, or single-strand-specific plant endonucle- 
ases, such as those of the CEL family (commercialized under the brand Surveyor) 
are used to recognize and digest unpaired heteroduplex DNA independently of 
the sequence. Therefore, they are suitable for screening of any target sequence 
[142]. Enzymatic digestion of heteroduplexes has been utilized, for example, by Cai 
et al. [20] to test target site editing efficiency in soybean hairy roots, by Khan et al. 
[64] for sgRNA efficiency testing in infiltrated leaves of N. benthamiana, and by 
Brandt et al. [15] to optimize wheat protoplasts transformation with CRISPR-Cas 
ribonucleoprotein complexes. A side-by-side comparison has shown that T7E1 
identifies preferentially insertions and deletions, whereas Surveyor has better sensi- 
tivity to recognize substitutions [142]. The T7E1/Surveyor assays are reproducible, 
inexpensive, and easy to use, but are unable to differentiate between identically 
mutated (homozygous mutants) and wild-type alleles, or between biallelic mutants 
and heterozygous monoallelic mutants. Therefore, additional testing is necessary to 
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detect biallelic mutations, and homozygous mutant clones may be discarded as 
falsely reported wild type. Furthermore, the T7EI and Surveyor nuclease assays do 
not provide information about the type of induced mutation or the number of indels, 
making it impossible to exclude indels of (multiples of) three nucleotides. In addi- 
tion, in polyploid species, false positive signals can arise from formation of hetero- 
duplex between non-identical paralogs. In some cases, a heteroduplex mobility 
assay (HMA) using PAGE has been used to analyze heteroduplex formation instead 
of the enzymatic digestion, as reported by Hoang et al. [45] and Nguyen et al. [108] 
to test the efficiency of genome editing in hairy roots of papaya and cucumber, 
respectively. 

Another classic method used for mutation detection is polymerase chain reaction 
(PCR)/restriction enzyme (RE) assay. If a restriction site is present in the target 
locus, the region around it can be amplified by PCR and run on an agarose gel after 
digestion with the RE to display the digestion pattern. When a mutation disrupts the 
restriction site, the amplified fragment remains uncut and appears as a single undi- 
gested band. Although it is straightforward and accessible to most laboratories, the 
PCR/RE method is heavily dependent on the availability of a restriction enzyme site 
near the target sequence, which is already constrained of a PAM for the nuclease at 
the cleavage site. Furthermore, each target sequence requires a specific set-up that 
hinders the general optimization of the protocol. Nevertheless, this approach is 
widely used for rapid and inexpensive screening of mutagenesis events, especially 
when optimizing protocols in less explored species such as in wild diploid potato 
relative [19] and Taraxacum [54] hairy roots, in tobacco and maize protoplasts [85], 
soybean protoplasts and hairy roots [135] or in agroinfiltrated N. benthamiana 
leaves [141]. 

Recently, a method based on PCR followed by digestion with purified ribonu- 
cleoprotein complexes of SpCas9 or FnCpfl (known as PCR/RNP method) was 
reported to detect nuclease induced mutations in both polyploid and diploid plants 
[84]. This method is more applicable than PCR/RE as the CRISPR nucleases RNP 
will digest PCR products identical to the guide (wild type) but fail to digest PCR 
products with mutated sequences (mutants) without the need for the presence of the 
additional restriction site. According to the authors, the PCR/RNP method is less 
effective in detecting SNPs than indels, but the latter can still be distinguished from 
the wild-type sequence. In addition, the PCR/RNP method appears to be superior to 
the T7EI assay in terms of accuracy, and to Sanger sequencing in terms of sensitiv- 
ity [84]. The main drawback of this screening strategies is that it requires purified in 
vitro transcribed guides and purified nucleases to preassemble CRISPR ribonucleo- 
protein (RNP) complexes. 

To overcome the limitations of the PCR/RE method, several other PCR-based 
protocols have been developed, such as annealing at critical temperature PCR 
(ACT-PCR) [49], double-strand break site-targeted PCR (DST-PCR) [55], and 
bindel-PCR [124]. In addition, real-time PCR [114] and droplet digital PCR [115] 
are interesting alternatives to conventional PCR methods because they do not 
require post-PCR product manipulation. They are fast, high-throughput, and reduce 
the risk of laboratory contamination. Both protocols require the design of two 
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differently labelled probes recognizing different parts of the same amplicons. The 
probe designed outside the expected mutation position will bind to all alleles, allow- 
ing the assessment of the total amount of amplicons present in the sample, while the 
probe designed on the gene-editing target site will only bind to the wild-type 
sequence, thus revealing the presence of a new mutation. The ratio of the relative 
amplification values of the two probes in qPCR or the ratio of mutant droplets (posi- 
tive for one fluorophore) to wild-type droplets (positive for a double fluorophore) in 
dPCR can then be used to distinguish wild-type, homozygous, and heterozygous 
mutations and quantify the mutation frequency of gene editing. qPCR and dPCR 
can detect single nucleotide indels or single nucleotide mutations with high sensi- 
tivity, especially qPCR. The cost of the labelled probes, the inability to detect large 
deletions in homozygous samples, and the need for direct sequencing to determine 
the exact mutated sequence are the major drawbacks of these two protocols. 
Fluorescent PCR-capillary gel electrophoresis/DNA fragment analysis [119] and 
high-resolution melting curve analysis (HRM) [138] are also PCR based approaches 
that are successfully employed for genotyping genome editing events. Fluorescent 
PCR-capillary gel electrophoresis/DNA fragment analysis, of which several vari- 
ants are available, employs fluorophore-labelled primers to amplify the genomic 
region containing the expected edited site. The labelled amplicons are then sepa- 
rated by capillary electrophoresis, and sized by comparison to an internal standard 
mixed with the sample before proceeding with electrophoresis. Data analysis guided 
by software identifies mutants based on the shifts in fragment size compared to the 
wild-type fragment. Recently, Carlsen et al. [21] successfully employed a specific 
fragment analysis strategy called Indel Detection by Amplicon Analysis (IDAA) to 
evaluate editing efficiency in tetraploid potato protoplasts in a study aimed at 
improving guide efficiency design [21]. Additionally, High Resolution Fragment 
Analysis (HRFA) described by Andersson et al. [5] has been utilized to test muta- 
tion efficiency during genome editing in tomato protoplasts [89], and the editing 
and regeneration protocol in rapeseed protoplasts [79]. Fragment analysis efficiently 
and accurately detects the number of nucleotides inserted or deleted at the target 
site, but is not accurate in detecting indels larger than 30 base pairs, and does not 
detect base substitutions or single nucleotide polymorphisms (SNPs). By providing 
information about the size and the relative abundance of different amplicons, frag- 
ment analysis allows detection of different alleles, homo- and heterozygosity, chi- 
merism, sample mixtures, and genome editing efficiency. In addition, it offers a 
high sensitivity and resolution, being able to discriminate fragments that differ by a 
single base pair, and is a fast, high-throughput, automatable and multiplexable. On 
the other hand, it requires specialized equipment and software that are not com- 
monly available and accessible to all laboratories. This also applies for another easy 
and fast techniques called High Resolution Melting (HRM), that combines PCR and 
heteroduplex formation. By increasing the temperature after PCR of small ampli- 
cons (about 100 bp) containing the target region, a specific and different dissocia- 
tion profile is observed for homoduplex and heteroduplex of double stranded DNA 
fluorescently labelled. Subsequently, the Tm and the characteristic different signa- 
tures of PCR products are used by dedicated software to identify the presence of 
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mutant alleles without the need of additional manipulations after PCR. The main 
advantage of HRM protocol is that it can distinguish individual mutant alleles 
within a complex background, allowing detection of even rare mutation and chime- 
rism as low as 5%. On the other hand, in addition to the cost of the equipment, a 
limitation of HRM is that it cannot detect large deletions due to the small size of the 
amplicons. 

Certainly, Sanger sequencing of PCR products is the most direct and definitive 
approach to obtain detailed information about the type(s) of mutation in a sample, 
and is used in almost all studies, both to directly analyze amplified target regions 
and to accurately determine the mutated sequence after screening with one of the 
aforementioned methods. Although highly informative, sequencing methods are 
costly for high-throughput genotyping and require bioinformatic skills to analyze 
the data. In fact, chromatograms of PCR amplicons derived from complex samples 
(heterozygotes, biallelic mutants, chimera, polyploid species) can contain multiple 
traces, and several online bioinformatics tools, such as TIDE [17], DSDecode [87], 
and ICE [29], have been developed to decode the underlying mutation types. 

Finally, thanks to its high sensitivity (0.01%), deep sequencing of the amplicons 
using NGS-based methods represents the gold standard for mutation detection, 
especially when targeted mutagenesis frequencies are low and rare editing events 
must be detected among a high background of unmodified alleles. The genomic 
region around the target site is amplified with a proofreading DNA polymerase, and 
the PCR products are barcoded (to distinguish the reads from independent amplifi- 
cations of the target site) and indexed (to enable library multiplexing in the flow 
cell) to allow high-throughput sequencing. The raw data are then analyzed to calcu- 
late mutation efficiency as the percentage of reads containing indels in a defined 
window around the cleavage site, with the help of specific bioinformatic pipelines 
such as Cas-Analyzer [113], CRISPResso [116] or CRISPAItRations [72]. Several 
examples of deep sequencing of amplicons for assessing editing efficiency can be 
found in the literature, specifically in studies involving protoplast assay [9, 39, 60] 
or agroinfiltration assay [8, 96]. 

Unfortunately, due to the high costs and the need for specialized skills and bio- 
informatic tools, NGS methods are not widely applicable for the initial screening of 
edited lines. 


6 Summary and Conclusions 


CRISPR/Cas technology is considered the cutting-edge tool for genome editing for 
both fundamental and applied research in plants. It relies on a wide repertoire of 
molecular tools, including nucleases with the ability to target a large spectrum of 
PAM sequences, as well as precise editing approaches such as Base Editing and 
Prime Editing. This versatility makes CRISPR/Cas an invaluable technology. 
However, the challenge lies in obtaining transformed plants that can effectively 
express the editing machinery, as this step remains challenging for many plant 
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species. Without verifying the actual efficacy of the selected CRISPR reagents, 
undertaking a stable plant transformation can be demanding and risky using current 
transformation and regeneration protocols. Therefore, knowing the actual editing 
frequencies is crucial in selecting the most efficient guides and planning the editing 
experiment accordingly. 

The development of computational tools enormously facilitates the selection of 
putative editing sites on target genes by predicting the most specific and efficient 
guides. The development of these computational models requires the use of large 
datasets regarding the performance of the experimentally determined guide. To 
date, computational models are not available for all editing approaches, especially 
for new nucleases, and it will be difficult to keep up with the continuous emergence 
of new molecular tools. Furthermore, bioinformatic tools built by using plant- 
specific datasets are almost completely lacking. For this reason, it is essential to 
have rapid systems capable of evaluating the performance of CRISPR reagents in 
planta. This allows for screening different guides and choosing the most effective 
one, as well as testing new editing systems quickly. 

The in vitro test is extremely simple, but has many limitations, so it can only be 
considered as a pre-screening system, while the in vivo tests, such as agroinfiltra- 
tion, protoplasts and hairy roots are to be preferred. The choice of the in vivo system 
depends mostly on the species and the desired type of genotypic data, which in turn 
relies on the analytical method used to determine the editing rate. The disadvantage 
of agroinfiltration and protoplasts is that they require NGS for accurate genotyping. 

Among the in vivo platforms, the hairy roots represent a promising tool to test the 
efficacy of CRISPR reagents in A. rhizogenes-susceptible plants. This system com- 
bines the advantage of stable transformation with the rapid analysis of transient 
systems, allowing for accurate and rapid genotyping using PCR-based methods, and 
potentially Sanger sequencing, without the need for regenerating entire plants. 
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Abstract Kelp forests are major marine ecosystems and key sources of biodiver- 
sity comparable to tropical forests, as pointed out by Darwin on the Beagle in 1834: 
“Yet if in any country a forest was destroyed, I do not believe nearly so many species 
of animals would perish as would here, from the destruction of the kelp”. Despite 
the key roles supporting marine life, our understanding of their biology lags far 
behind that of land plants. Kelp mitigates the effects of climate change, sequesters 
CO,, reduces eutrophication while providing biomass for food, feed, and materials. 
Genome editing together with functional genomics can map genetic diversity poten- 
tials for temperature tolerance, important since they already face the upper tolerance 
limits in some regions. This chapter considers the major genome editing prerequi- 
sites; the transformation methods for introducing DNA/RNA and annotated 
genomes for predicting results. Risk assessments are discussed. These uses of 
genome editing show how widely applicable the techniques can be used from basic 
science to securing the global environment for our existence. 


1 Genome Editing Prerequisites 


Disappearance of species due to climate change is causing catastrophic changes to 
biodiversity within our ecosystems, affecting environmental and human health 
including threatening our survival. Policy makers recognize the need for actions to 
halt these losses and prevent extreme weather catastrophes, hopefully acting, lead- 
ing to increased science-based activities to secure our globe’s future. Species loss 
threatens human survival and quality of life directly by losing space, food/feed, and 
water resources and indirectly by reducing our health. Actions to halt or reverse 
planetary warming must involve policy leaders from across the globe and across the 
globe’s environments. In the marine environment, kelp forests are highly relevant 
environments because they represent essential ecosystems supporting high levels of 
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biodiversity that cover extensive regions of our coastlines. Kelp species have many 
uses from harvested wild habitats and aquaculture production globally, 
where sugar kelp is facing extinction from the warmer ranges of its habitat and 
arctic populations are challenged by melting ice caps and reduced sea salt content 
[1, 2]. Losses of kelp forests affects whole ecosystems because these environments 
are habitats for numerous species ranging from microorganisms through photosyn- 
thetic plants to a range of marine animals including mammals. Kelp forest disap- 
pearance would also be disastrous for the global ecosystem because kelp is highly 
efficient at sequestering CO). Newly available technologies provide tools to evalu- 
ate genetic diversity and resilience. Uses of kelp have a long history, however fun- 
damental and applied research are underfinanced, and progress lags behind other 
fields of plant and animal sciences. This situation is improving with the advent of 
increasing numbers of annotated genome sequences for kelp and the development 
of associated genomics-enabled tools including genome editing. The aquaculture 
potential of kelps in the blue economy should ideally be kept in balance with and 
isolated from wild populations [3, 4]. In addition, cultivation of local strains as 
material for rewilding needs to be considered. However, Europe is still missing clear 
guidelines for macroalgae management ranging from harvesting wild populations, 
cultivation systems, and breeding strategies and methods including genome editing. 
The Phycomorph COST action produced a report [5] providing a background for 
the development of guidelines for good practice in macroalgae exploitation. This 
chapter presents an updated overview of the potential of applying genome editing 
to secure future benefits from macroalgae for global health in the face of cli- 
mate change. 

The CRISPR/Cas9 system, discovered from the adaptive immune system of bac- 
teria, has revolutionized the field of genome editing by providing a simple, efficient, 
and precise method for targeted gene modification [6]. 

Genome editing for research and applied purposes still depends on (1) adapted 
gene transfer methods and (2) annotated genomes for efficient and safe predict- 
able uses. To secure reliable results and predictable outcomes, independent of posi- 
tional effects and additional genome variation caused by somaclonal variation due 
to time in vitro casing mutations, robust gene transfer methods with minimal time 
in vitro are paramount [7]. This gene transfer is still species dependent in plants. 
The gene transfer methods are mostly limited to two; particle bombardment and 
agrobacterial T-DNA transfer. The number, accuracy and annotation quality of plant 
genome sequences are rapidly increasing since the Arabidopsis genome was 
released in 2000 [8]. Since the techniques for sequencing whole genomes have 
improved massively this prerequisite is mostly met both regarding directing the 
location of gene transfer when using CRISPR/Cas9 and the means to do predictable 
high quality risk assessment of well characterized modified land-plants. However, 
some species are lagging behind such as macroalgae where the molecular character- 
ization is just emerging with promising insights to basic biological understanding 
and correlated applied opportunities [9]. 
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Gene transfer was first achieved by a range of techniques in the 1970s and 1980s 
[10]. The first GM bacteria were produced in 1973 [11], human insulin production 
from GM bacteria was achieved in 1978 and FDA approved 1982 and in 1994 the 
first GM crop plant was approved (see e.g. ISAAA statistics: https://www.isaaa.org/ 
resources/publications/briefs/05/download/isaaa-brief-05-1997.pdf). Since then, 
transgenics and resulting plants have been established for most species including 
many economically important crops, generating over 30 GM crop plants which are 
approved in over 40 countries including the USA, Canada, Argentina, EU, Norway, 
UK and Switzerland covering over 190 million hectares. 

The two preferred gene transfer routes are still agrobacterium transfection if it is 
adapted to the plant species and particle bombardment mostly when agrobacterium 
cannot be applied. Agrobacterium is preferred since it is a “cleaner” method trans- 
ferring less transgene copies, and into more appropriate genome locations causing 
less unintended effects. This could be because of natural selection pressure favoring 
successful integration for Agrobacterium [12]. Agrobacterium tumefaciens is a 
plant pathogenic bacterium commonly found in soil, which has a long history of 
transferring a portion of its Ti-plasmid, the T-DNA segment into host genomes for 
infection and survival. In nature the T-DNA allow the introduction of exogenous 
genes and subsequent expression of the corresponding proteins [13]. This has been 
adapted for research and gene transfer purposes, by replacing the agrobacterium 
tumor causing T-DNA and introducing any DNA of interest. The cloned DNA in the 
T-DNA region is placed into a binary vector before being introduced to the 
Agrobacterium cells. As the plant tissue becomes infected, the T-DNA integrates 
itself into the host’s genome, facilitating the stable expression of new genes [14]. 

Tobacco and tomato easily incorporate added DNA, while crop plants like cere- 
als took decades of research before predictable transformation frequencies and 
reproducible results were achieved. Frequencies of regenerated transgenic plants 
have recently improved considerably for such recalcitrant species. This was partly 
due to an improved understanding of the cell cycles achieved by the introduction of 
related meristem developmental regulatory genes. Adding a growth regulating fac- 
tor and a cofactor, greatly increased regeneration frequencies in wheat, triticale, rice 
and citrus [15]. CRISPR/Cas9 modifications of plant stem cells and the floral meri- 
stems have shown how the cell cycle and stem cells are related to growth and bio- 
mass production as well as yield from flowers, fruits and/or seeds [16-19]. As also 
seen in medical science, stem cell research is central to both basic and applied sci- 
ence, and plant breeding to meet sustainability goals for food production [20]. 
Further improvement by directing integration or integrating transgene constructs by 
homologous recombination by CRISPR/Cas9 has greatly improved predictability of 
targeted genome knock-out or transgene integration, while simultaneously reducing 
off-target effects by avoiding multiple inserted copies that are common when using 
particle bombardment for transgenesis. 
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Risk assessments and approval for commercialization of transgenic crops require 
characterization of the transgene integration, to secure single copy integration and 
detect possible unintended positional effects. This minimizes the risk of silencing the 
transgene as well as other parts of the genome. Somaclonal variation due to mutant 
effects of the transformation or time in tissue culture, has led to technological improve- 
ments that minimize time in culture, reducing unintended effects. Stable transfer 
depends on integration of transgenes into chromosomes. Some methods such as those 
to produce maximal amounts of transgene products, might have transgenes transiently 
active without nuclear integration or integration in organelles such as plastids. 


12 Annotated Genomes 


Genome sequences and analyses keep revolutionizing our understanding of basic 
biology such as stem cell functions and cell cycle implications, phylogeny, and 
evolution, providing a robust basis for deeper understanding of basic biological 
relationships and applications [21, 22]. This is because sequencing techniques have 
become increasingly accurate, efficient, and accessible. Also, shot-gun sequencing 
combined with long sequence reads provides reading through long repetitive 
sequences, such as centromeres, making it possible to identify unique regions for 
CRISPR/Cas9 specific alterations within any targeted genome part. This allows 
mapping the unknown parts of genomes, changing them from what some still refer 
as “junk-DNA” to informed molecular understanding [23]. Updated knowledge 
shows most of the genome is being transcribed to variable sized RNA molecules 
involved in gene regulation by RNAi like mechanisms [24, 25]. 

Specifically, such genomic methods are promising to fill the gaps in our under- 
standing of microtubule directed cell cycle control, division planes, meristem func- 
tions and growth. The information generated is of great importance to medicine, food 
production and global health through allowing informed decisions for optimal sus- 
tainable uses of resources. Additionally, genome editing depends on well annotated 
genomes for risk assessments and applications. Thus, genome sequencing currently 
developed for new species allows adapting the CRISPR/Cas9 system in macroalgae. 
The other main limiting factor to applying genome editing to macroalgae are the gene 
transfer methods. Currently gene transfer is still only established for the green algae 
Ulva and the model brown algae Ectocarpus. This is expected to be extended to more 
species shortly like S. /atissima from current efforts in Europe and Japan [9, 26]. 


13 Macroalgae Cultivation and Breeding 


Macroalgae vegetate coastal and inshore areas and have been exploited by humans 
since prehistoric times. They are also important for providing a range of ecosystem 
services. Research is lagging behind land plants possibly partly because they are 
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positioned between land-based and fishery interests that are mainly further out at 
sea. They additionally compete with fish aquaculture e.g., the salmon industry, 
which often has higher financial significance in sea water areas. To secure native 
macroalgae populations from non-sustainable exploitation, some technology-based 
aquaculture production is developed for the dominant species such as the brown 
algae S japonica in the Eastern coastal regions of China, Japan, and Australia while 
S latissima occurs in the Atlantic cooler sea regions. Challenges for the exploitation 
of GM and GE algae are that sea regions interconnect and so cannot be easily con- 
tained as land plants. This means that regulations need to be established and agreed 
internationally. 

Genome sequences are important to map genetic potential to survive strong 
selection pressures. Genome editing would be the best method to do both functional 
studies linking genes to temperature tolerance, and to enable breeding to meet 
requirements for sustainable algal strains that meet human needs. 

The European Commission is responsible for EU’s joint marine resources, but no 
regulatory frameworks and laws for macroalgae exploitation have been established 
at neither national nor European level [27]. The Phycomorph EU COST action 
FA1406 (2015-2019) drafted an extensive 200 page guideline “Pegasus” on sus- 
tainable aquaculture of seaweeds [5]. The impact of this on the EU Commission is 
unknown. An issue raised in several European countries is whether breeding can be 
applied to macroalgae being cultivated, where current cultivation of seaweed is 
largely carried out by local populations. Breeding would result in pre-cultivated 
gametophytes intercrossed in laboratory facilities to generate sporophyte “seed- 
lings” for sea-based aquaculture cultivation of novel strains. So far only minimal 
breeding has been exploited, by crossing selected parental strains in S. japonica, 
and hardly any for S. latissima yet. Breeding might be needed to adapt sugar kelp 
for survival in warming sea locations; since temperature rise appears to be the main 
reason that sugar kelp populations have decreased. 


2 Genome Editing — Important to Global Health 
for Mapping and Increasing Biodiversity to Survive 
Increasing Temperatures 


Brown algae (Phaeophyceae) are ubiquitous, covering app. 25% of the world’s 
coastlines and about half of them are in the Laminariales and Fucales. Kelps are 
efficient CO, sequesters and very efficient energy producers since they do not 
require terrestrial space, fresh water or added fertilizer. They therefore represent an 
important resource in the effort to mitigate the effects of global warming. In addi- 
tion, kelps are effective purifying systems, removing organic pollutants from marine 
waters and they can also serve as monitors of the impact of climate change, particu- 
larly increased temperatures. Kelp growth is controlled by carbon allocation, pri- 
marily influenced by light, temperature, nutrient availability, and their genomic 
competence. The growth of the endemic Brazilian deep kelp L. abyssalis, for 
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example, is limited to the Austral summers while they tend to decrease in the Austral 
winter [1]. Consequently, little is known regarding the temporal variations in den- 
sity and biomass of standing stock (individuals per m2) for harvesting, commercial 
applications, or conservation of these species and, consequently, protecting the 
environment they inhabit. This is addressed in an ongoing Biodiversa+ project with 
11 European and 2 Brazilian partners with some additional French and Norwegian 
associated partners in RESTORESEAS (https://www.restoreseas.net). 

Generally, organisms can respond to changes in the environment by acclimation 
(phenotypic plasticity), or evolution (local adaptation). Local adaptation requires 
heritable genetic variation for traits that increase tolerance to the new environment, 
therefore, mapping the genetic variation for temperature tolerance is important to 
predict effects of rising seawater temperature and to possibly take actions to meet 
expected future sea water temperatures. Temperature tolerance in kelps has been 
shown to vary and is linked to genetic variation in the northern hemisphere for 
Saccharina latissima [28, 29] and Laminaria digitata [30]. For the cold-water kelps 
and the Laminaria pockets by the Brazilian and Moroccan coasts, the populations 
are declining and expected to disappear if they cannot adapt to warming sea regions. 
Comparative crosses within and between an arctic (Spitsbergen) and a temperate 
North Sea (Helgoland) population have shown heterosis effects positively affecting 
increased temperature tolerance in both populations, probably caused by increased 
heterozygosity. This even occurs if the introduced new alleles are from the northern 
population with less high temperature tolerance [30]. Previously genome sequenc- 
ing in Saccharina japonica showed that the genetic variation within cultivated types 
were low compared to the genetic variation in the wild, since all cultivated popula- 
tions descended from a few collected individuals from the wild [31]. This demon- 
strates that it is important to generate whole genome mapping/understanding to get 
accurate understanding of the genetic potential, also to avoid possible inbreeding 
depression in cultivated macroalgae due to accumulated reduced levels of genetic 
variation. 

Pan genomes help anchoring newly sequenced individuals or closely related spe- 
cies as deeply sequenced and well annotated new accessions are generated, in addi- 
tion to new genotypes from which to utilize the application of new tools including 
genome editing. Genome editing can facilitate fundamental functional studies to 
unravel seaweed biology from single genes to genomes and systems biology, includ- 
ing the kelps’ coexisting biota. Annotated genomes will give us better mapping of 
genetic variation for important traits for survival of wild populations, as well as the 
productivity of cultivated populations. Mapping genetic variation for elevated tem- 
perature tolerance and variation in iodine content would build a solid foundation for 
selective breeding. The importance of understanding biodiversity was demonstrated 
when whole genomes of wild and cultivated S. japonica were re-sequenced in 
China, since that revealed existing genetic variation and the potentials from the 
populations [31]. 

A high quality annotated brown algae genome sequence is available for 
Ectocarpus (https://bioinformatics.psb.ugent.be/orcae/overview/EctsiV2). A 
chromosome-scale assembly of the S. latissima genome generated by the French 
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Genomique large-scale sequencing project Phaeoexplorer (https://phaeoex- 
plorer.sb-roscoff.fr/home/) is expected to be released in early 2024 while the 
L. ochroleuca genome is currently being sequenced by the Restoresea project. 
This will add to the two available genomes: S. japonica and Undaria pinnatifida 
[32, 33], for interspecific comparisons. Genes that potentially play key roles in 
determining resilience to climate change, particularly climate warming, can be 
identified by combining results of the transcriptomic analyses with geographi- 
cally correlated polymorphism information from the genomic analysis of popu- 
lation structure. Genes differentially regulated under temperature stress 
compared with control conditions and that show geographically correlated pat- 
terns of polymorphism, can be functionally assessed by CRISPR/Cas9 to select 
genes that are correlated with temperature tolerance. This approach may allow 
functionally annotate genes linked to resilience to temperature stress, with 
applied applications for breeding and survival in increasingly warmer seas [30]. 


3 Future Perspectives on Macroalgae Socioeconomics: 
From Ecology to Ecosystem Services 


Genome editing is a powerful tool to meet important challenges in plant improve- 
ment that we face. GE allows modelling to predict the effects of temperature toler- 
ance in wide crosses of kelp populations, to assess the effects of macroalgal growth 
on ecosystem dynamics [34, 35] and determine the potential for carbon sequestra- 
tion under different climate scenarios [36]. The impact of climate change can be 
assessed based on no intervention on current kelp populations, a 2 °C temperature 
rise and the effects of above 2 °C increase in sea temperature [34, 37]. 

Growth as an integrative parameter of all physiological processes is controlled 
by carbon allocation that is primarily influenced by light, temperature, and nutrient 
availability, and their seasonal variations and interaction. Generally, most Northern 
Atlantic kelp species exhibit rapid growth from mid-winter to spring or early sum- 
mer [38]. The pressure from anthropogenic activities on marine ecosystems have 
been driving severe changes in kelp distribution and abundance globally [39]. The 
decline in kelps forests can additionally affect a wide range of ecosystem services 
which are vital to human well-being (e.g., recreational and commercial fisheries 
activities). Examples of indirect influence on human well-being are: habitat provi- 
sion for marine species, primary production, climate control, carbon storage, nutri- 
ent filtering and coastline protection [40]. 

Marine macroalgae (seaweed) net primary productivity (NPP) is of major eco- 
logical importance in the global carbon balance. Seaweeds form the largest and 
most productive underwater vegetated habitat on Earth, comparable to the terrestrial 
Amazon rain forest [36]. Global NPP datasets for 246 seaweed taxa from 429 indi- 
vidual sites distributed on all continents, from the intertidal to 55 m depth, underpin 
our increasing understanding of the importance of our ocean forests ecosystem 
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services. Their ecological contribution to annual aerial carbon production as well as 
to carbon production volumes are estimated to global averages of 656 and 
1711 gC m2 year’ in the subtidal and intertidal regions [41]. More than half of the 
macro algae species are brown algae; mainly Laminariales and Fucales. Brown 
algae (Phaeophyceae) are ubiquitous, dominating app. 25% of the world’s coast- 
lines and representing the major foundation of temperate coastal ecosystems, con- 
servatively estimated to amount to an ecosystem value of $500,000-$1,000,000 per 
year per km of coastline [42]. The brown algae provide ecosystem services indi- 
rectly by increasing coastal production and habitat provision, and directly as fuel, 
feed, food and specialized products [43]. Well annotated genomes, functional 
genomics linking gene sequences with functions and application of this in breeding 
might be crucial for future survival of many macroalgae species and populations. 
GE is our best tool to answer fundamental questions about their biology, predict 
possibilities and generate solutions for their many services to the globe’s ecology, 
climate, and more direct human interests. 
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Abstract Plant-based antigen manufacturing procedures have transformed vac- 
cine research and industry by offering a cost-effective, scalable, and safe alterna- 
tive to traditional protein production systems. This chapter discusses genome 
editing applications for plant-based protein production systems, antigen, and 
antibody manufacturing, as well as their future and current developments. The 
chapter briefly summarizes the several advantages of plant-based protein manu- 
facturing platforms, including lower production costs, faster response to develop- 
ing risks, and the absence of animal-derived components, which contributes to a 
lower risk of contamination and allergic responses. The chapter provides a basic 
overview of recent advances in plant-based antigen production, with a focus on 
vaccine antigens generated from CRISPR/Cas9 genome edited Nicotiana ben- 
thamiana to improve immunogenicity by altering plant glycosylation patterns to 
be more compatible with human glycosylation. Solving this could revolutionize 
existing vaccine production from plants to meet sustainable production objectives 
while also benefiting human health. These applications of genome editing dem- 
onstrate how versatile the approaches may be, from basic science to improving 
human health. 
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1 Production of Plant-Based Therapeutic Antigens 
and Antibodies 


The growing demand for recombinant proteins, particularly for therapeutic uses, 
drives the development of alternative efficient and cost-effective production sys- 
tems. Current widely used platforms for recombinant protein production include 
bacterial, yeast, insect, and mammalian cells. These traditional systems are limited 
by high production costs, human pathogen contamination, improper protein folding, 
and glycosylation patterns [1]. 


1.1 Background to Plant-Based Protein Production Systems 


Plant-based expression systems exhibit increasing interest due to their innate ability 
to generate complex proteins with precise folding patterns and post-translational 
modifications, and their potential for scalability and reduced risk of pathogenic con- 
tamination [2]. In 2012, the United States Food and Drug Administration (FDA) 
approved taliglucerase alfa, a therapeutic protein produced in plants, a groundbreak- 
ing milestone for plant-based protein production [3]. Numerous other biopharma- 
ceuticals have been generated since and been through rigorous clinical evaluations, 
exhibiting the practicality and viability of plant-based protein manufacturing plat- 
forms [4]. Plant-based production can be based on transient, chloroplast, or stable 
nuclear expression [5]. Transient expression systems involve the temporary activ- 
ity from transferred genes of interest into plant cells’ cytoplasm, typically via 
Agrobacterium-mediated infiltration or viral vectors [6]. This approach enables 
rapid protein production and has been used to produce a wide range of proteins, 
including monoclonal antibodies, vaccines, enzymes, and therapeutic proteins, such 
as human serum albumin and human somatotropin, in crops like rice and tobacco 
[7]. Stable transformation systems involve the integration of the target gene into the 
plant’s nuclear or chloroplast genomes, generating transgenic plants that express the 
protein of interest through their life span and following generations if transferred to 
offspring by classical cross-breeding [8]. 


12 The Use of Nicotiana benthamiana in Transient 
Expression Systems 


Nicotiana benthamiana, a close relative of tobacco (Nicotiana tabacum), is a dip- 
loid herbaceous plant native to Australia, which can grow through 6-8 weeks from 
seed to harvest of vegetative parts. The small genome size, approximately 3 Gb, 
facilitates genetic modification, while its high rate of inbreeding promotes genetic 
uniformity [9]. Nicotiana benthamiana is there for one preferred model plant for 
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Fig. 8.1 An overview of the steps to produce proteins in a transient plant-based expression system 


plant-based protein production due to its high transformation frequencies, rapid 
growth, high biomass yield, and “accepting” immune system, making it susceptible 
to many common biotechnology tools [10]. 

N. benthamiana has been widely employed for the expression of a diverse range 
of recombinant proteins, including antibodies, enzymes, and vaccine antigens. The 
transient expression system further allows for rapid production and evaluation of 
protein candidates, which is particularly valuable to respond to emerging infectious 
diseases, such as the production of ZMapp, a monoclonal antibody mix against 
Ebola virus [11], and generation of vaccine antigens in response to influenza viruses 
[12] (Fig. 8.1). 


2 Antigen/Antibody Production for Sustainable 
Health Solutions 


The N. benthamiana was decoded and compiled in 2012, offering an essential tool 
for exploring the functional genomics of N. benthamiana [13]. The primary assem- 
bly, Nb-1.0, spanned 3.1 Gb and comprised 46,220 anticipated protein-encoding 
genes. In 2023, a de novo whole-genome assembly was carried out in N. 
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benthamiana using Hifi reads, resulting in 1668 contigs with a combined length of 
3.1 Gb [14]. The 21 lengthiest scaffolds, considered pseudomolecules, held a 2.8- 
Gb sequence, covering 95.6% of the assembled genome. A sum of 57,583 gene 
sequences with high confidence was anticipated. 

The functional annotation of the N. benthamiana genome is a process that pre- 
dicts gene functions by comparing them to known genes from other species and 
assessing experimental data. This method is vital for determining gene functionality 
and control, as well as aiding in pinpointing potential genome editing targets. 
Various tools have been established for the functional annotation of the N. ben- 
thamiana genome, such as the Sol Genomics Network (SGN) [15]. These reposito- 
ries grant researchers access to genomic data, gene annotations, and functional 
projections, thus laying the groundwork for experimental inquiries guided by 
hypotheses and applications in biotechnology. 


2.1 The Role of Glycosylation in Protein Function 
and Stability 


Glycosylation is a post-translational modification of macromolecules, such as pro- 
teins and lipids, that involves the addition of carbohydrates to the final molecule. 
This modification affects the stability, activity, and immunogenicity of the mole- 
cule, and is particularly important in the production of recombinant proteins [16]. 

Despite the many benefits of plant-based protein manufacturing systems, the gly- 
cosylation patterns of plant and human proteins differ, which is a considerable chal- 
lenge for plant-based production systems [17]. Protein folding, stability, and 
function depend on glycosylation, while such glycosylation patterns can affect 
plant-produced protein efficacy and immunogenicity in humans [18]. As such, the 
comprehension and modification of plant glycosylation patterns to emulate those of 
humans is essential and must be solved for efficient development and application of 
plant-derived biopharmaceuticals. 


22 Key Differences Between Human and Plant 
Glycosylation Patterns 


N-linked glycosylation, the covalent attachment of oligosaccharides to asparagine 
residues within the consensus sequence Asn-X-Ser/Thr, is a conserved modification 
among eukaryotes, including humans and plants [18]. However, despite conserving 
the core glycan structure, significant differences exist in the processing and matura- 
tion of N-glycans between humans and plants [19]. 

In humans, the intricate N-glycans exhibit prominent adornment with sialic acid 
residues and $1,4-galactose, which are nonexistent in plants. Additionally, the 
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Fig. 8.2 The key differences in post-translational glycosylation patterns between humans 
and plants 


human N-glycans display core «1,6-fucosylation, while devoid of plant-specific 
B1,2-xylose and core «1,3-fucose residues (Fig. 8.2). These variances in N-glycan 
configurations can significantly impact the effectiveness and immunogenicity of 
recombinant proteins manufactured by plant-based expression systems, thus creat- 
ing a significant obstacle that must be solved to develop plant-based biopharmaceu- 
ticals [20]. 


23 CRISPR/Cas9-Mediated Engineering of Glycosylation 
Patterns in N. benthamiana 


In Nicotiana benthamiana, CRISPR/Cas9-mediated knockouts of the XyIT and 
FucT genes have effectively eliminated plant-specific glycan structures, resulting in 
recombinant proteins with glycosylation profiles that more closely resemble human 
glycoproteins [21]. 

The study utilized CRISPR-Cas9 to create knockout lines of N. benthamiana 
plants to produce biopharmaceutical glycoproteins. The target genes XyIT1, XylT2, 
FucT1, FucT2, FucT3, FucT4, and FucT5 were identified, and gRNAs were 
designed to target all genes in each group [21]. The gRNAs were tested by transient 
expression and then inserted into the binary pPAM vector carrying a plant-codon 
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optimized cas9 cassette with intron and a gRNA expression cassette under the con- 
trol of the A. thaliana U6 promoter. Three variants of the knockout construct were 
prepared, one targeting XylT1 and 2, one targeting FucT 1-4, and one with all seven 
gRNAs combined. The CRISPR constructs were then transformed into N. ben- 
thamiana plants using agroinfiltration. High-resolution melt analysis and Western 
blotting were used to confirm successful knockout of the targeted genes [21]. 

The CRISPR-Cas9 system works by introducing a double-strand break at a spe- 
cific location in the genome, which is then repaired by non-homologous end joining 
(NHEJ) or homology-directed repair (HDR). In the case of this study, the goal was 
to disrupt the function of specific genes involved in glycosylation, which can affect 
the efficacy of biopharmaceuticals. By creating knockout lines of N. benthamiana 
plants using CRISPR-Cas9, the researchers were able to produce glycoproteins with 
reduced or eliminated plant-specific glycans, which have comparable affinity to 
gold standard biopharmaceuticals produced in by using cells from Chinese hamster 
ovaries. (CHO). 

A very recent paper utilizing this newly double knockout line of N. benthamiana 
investigated the impact of plant N-glycosylation on the immunogenic properties of 
a chimeric Hepatitis B Virus (HBV) S/L vaccine candidate produced in wild-type 
and XylT and FucT knockout lines of N. benthamiana [22]. The study found that 
prevention of b-1,2-xylose, and a-1,3-fucose attachment to the HBV antigen signifi- 
cantly increased the immune response in mice compared to the wild-type plant- 
produced counterpart. Notably, the antibodies triggered by the knockout-made 
antigen neutralized both wild-type HBV and a clinically relevant vaccine escape 
mutant more efficiently. The study validates the glycoengineered N. benthamiana as 
a substantially improved host for plant production of glycoprotein vaccines. 

This work provides evidence that glyco-engineering of plants can significantly 
enhance the immunogenicity of plant-produced vaccines. Further research is ongo- 
ing to explore the potential of the CRISPR/Cas9 system in enhancing the immuno- 
genicity of plant-produced antigens for human use. Using CRISPR/Cas9 in 
plant-based vaccine production provides an innovative avenue for developing novel 
cost-effective vaccines. 


3 Socioeconomics of Plant-Based Protein Production 
Including Regulatory Issues 


CRISPR/Cas9-mediated engineering of plant glycosylation patterns can produce 
human-like therapeutic proteins at lower cost, higher scalability, and with less con- 
tamination risk than traditional protein production platforms [23]. However, to 
ensure the safe and responsible development and use of plant-produced recombi- 
nant proteins, this technology’s introduction into the biopharmaceutical industry 
raises several ethical, regulatory, and commercial concerns. 


8 A Short Review of Advances in Plant-Based Antigen Production Strategies... 137 


CRISPR/Cas9 enables quick and easy alteration of glycosylation patterns in 
plants. Consequently, apprehensions regarding health and environmental hazards 
associated with genetically modified organisms (GMOs) emerge [24]. While not 
exclusive to plant-based protein production, considering long-term repercussions of 
introducing genetically altered flora into ecosystems and devising strategies to miti- 
gate potential risks is vital. CRISPR/Cas9-mediated plant engineering also falls 
under GMO regulations, which exhibit considerable variation across nations. Such 
regulations impact the development, manufacture, and distribution of plant-made 
recombinant proteins. Businesses must adapt their operations to ensure compliance 
within this intricate framework. Streamlining international regulations and enhanc- 
ing the transparency of the approval process could facilitate wider utilization of this 
technology. 

Regulatory approval and patient safety are contingent upon the safety and quality 
of plant-produced recombinant proteins. Regulatory bodies, including the US Food 
and Drug Administration (FDA) and the European Medicines Agency (EMA), man- 
date comprehensive safety and efficacy data for the authorization of therapeutic 
proteins—even those generated in plants. Due to the lower costs associated with 
plant-based protein production, life-saving medications could become accessible in 
low-income regions where cutting-edge medical treatments often remain elusive. 
From an ethical perspective, it is crucial to ensure that technological advancements’ 
benefits are distributed equitably, preventing exacerbation of existing global health 
disparities. 

The recent research into the intricacies of plant-specific glycosyltransferases, 
such as B1,2-xylosyltransferase (XylT) and core o«1,3-fucosyltransferase (FucT), 
has laid the foundation for gene-editing methods to further engineer plant glycosyl- 
ation patterns. By employing CRISPR/Cas9 technology, the modification of plant 
glycosylation patterns becomes more streamlined, enabling alterations to specific 
genes with exceptional accuracy and effectiveness, ultimately obtaining engineered 
plants that produce glycoproteins resembling their human equivalents. The ongoing 
fine-tuning of CRISPR/Cas9, which include the creation of new Cas9 variations, 
guide RNA designs, and the adoption of high-throughput screening methods, has 
the capacity to further advance gene-editing procedures within plants, making them 
even more precise and efficient. 

The modification of glycosylation patterns in plants holds the promise to trans- 
form the biopharmaceutical industry. Plant-based expression systems can contribute 
to the discovery of innovative therapeutic proteins that boost enhanced pharmaco- 
logical properties by offering an affordable, scalable, and secure alternatives to 
mammalian cell culture. Continued efforts in this area could potentially give rise to 
new treatments for a broad spectrum of illnesses. 
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Chapter 9 A 
Precise Gene Editing of Cereals Using egies 
CRISPR/Cas Technology 


Pouneh Pouramini and Goetz Hensel 


Abstract Targeted mutagenesis using CRISPR/Cas technology has become rou- 
tine in elucidating biological processes or their application in breeding and agricul- 
ture. This means that the change to be achieved can be accurately predicted. 
However, knockout of a gene function is not always desirable, as reducing activity 
or affecting a protein domain can influence its properties and, thus, the phenotype. 
This chapter will therefore focus on precise genome modification in temperate 
cereals. The methods used, including some representative examples, are sum- 
marised here. 


Time is an essential factor to consider in developing new agricultural varieties. 
Since domestication, plant breeders have steadily expanded their toolbox, but estab- 
lishing a new cereal variety takes an average of 8—10 years [1]. Developments in 
genome sequencing (barley [2], wheat [3], rye [4]), oat [5], and molecular biology 
methods for genome-assisted breeding (marker-assisted breeding [6]) have pro- 
vided tools and techniques for the breeding process that positively influence the 
process and workload. 

In this chapter, temperate cereals of the botanical tribe Triticeae (barley, wheat, 
rye, and oats) grown in Europe will be considered. Due to limitations in the avail- 
ability of genomic sequences (rye and oat only in the last two years) and the lack of 
efficient transformation protocols, there are currently only reports from barley and 
wheat. These are also among the more essential cereals in Europe in terms of culti- 
vated area (FAO Stat). While diploid barley is mainly used for animal feed, beer, 
and whisky, tetra- and hexaploid wheat are essential for pasta and bakery products. 
Oat and rye are the main components of breakfast cereals. 

Targeted mutagenesis induced by endonucleases such as TALEN [7] and 
CRISPR/Cas [8] has enabled an incredible number of applications in a wide range 
of species since their first biotechnological application in 2012 [9]. Thus, the results 
have helped many new insights into basic research and show promise for 
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applications. Targeting an organism’s genomic sequence has never been so easy. 
CRISPR/Cas technology is a two-component system in which a target-specific 
guide RNA guides a double-strand-inducing Cas enzyme to the desired location in 
the target genome [8]. The cell’s repair mechanisms then repair the induced double- 
strand breaks. A more detailed description of the technology and repair mechanisms 
is described in Chap. 1. 

Applications of precise genome editing in plants have been summarised several 
times (for review, see [10—12]). These reach into all areas of modern plant research. 
Starting with pure basic research, i.e., the identification and characterization of 
genes and their phenotypic expressions, the methods are also used to master the 
current challenges of agriculture. Here, agronomic parameters play a similarly 
important role in improving product characteristics. Plants with enhanced resistance 
to fungal or viral pathogens are being developed and tested. Plants should be better 
adapted to changing climatic conditions and thus have better water and nutrient 
utilization. Plants should become heat or drought-tolerant but also be able to grow 
with an increased salt concentration in the soil. There are examples of all these 
experiments in barley and/or wheat (Fig. 9.1). The only publication on applying 
CRISPR/Cas technology in triticale, a cross between wheat and rye, shows its func- 
tionality exclusively in protoplasts [13]. 

Even if the targeted induction of a double-strand break can be carried out pre- 
cisely, the result is random. According to previous reports, the most common 


Gene discovery 


Fig. 9.1 Summary of barley and wheat genes with functions in agronomic features [14-47], gene 
discovery [48-59], product quality [21, 34, 60-74], and abiotic and biotic stress [46, 75-92] 
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outcome for CRISPR/Cas9 is a deletion of a few (<10) nucleotides or the insertion 
of one nucleotide (InDel) [93]. However, it is impossible to predict precisely 
whether loss or insertion will occur, and it is also somewhat random which base is 
inserted. Although there are reports (for review, see [94]) that a certain percentage 
can be predicted using microhomology-dependent repair mechanisms, the outcome 
remains undetermined in most applications. 

To achieve a prediction of the mutation result and thus precise genome editing, 
one can consider several possibilities. When using two gRNAs, one gets an exact 
deletion between the two induced double-strand breaks in a part of the mutated 
cells. In this case, the choice of gRNA binding sites can, for example, influence the 
function of a protein domain [49]. By not inducing a knockout, a reduced or altered 
functionality remains, similar to the RNAi effect but is genetically fixed in contrast. 

Another possibility is to transfer a repair template with the desired sequence 
simultaneously with the double-strand-inducing reagent. However, the challenge 
here is to bring a sufficient number of repair templates to this site at the time of the 
double-strand break repair. One possibility is the biolistic transfer of the repaired 
DNA [95]. However, this method has all the previously described disadvantages 
that have led to the preferential use of Agrobacteria-mediated transformation [96]. 

Initial results at the cellular level in barley showed targeted allelic exchange of 
the fluorescence protein GFP. GFP and YFP differ in only one amino acid; thus, 
exchanging two nucleotides causes a change in the emission spectrum [97]. It was 
shown that 3% of the mutant epidermal cells had integrated the non-functional YFP 
fragment in the genome, thus exhibiting a shift in the lambda scan. These results 
were even surpassed when pre-assembled RNP complexes were biolistically trans- 
ferred with Cas9 instead of plasmid DNA [95]. Here, it was shown that up to 8% of 
GFP-mutated epidermal cells exhibited such an allelic exchange. A typical applica- 
tion for allelic exchange is the creation of herbicide resistance [98]. Since this 
allows the selection of the correctly modified cells, such a method is easier to apply. 
However, the efficiency is expected to be lower if the modification has no selection 
advantage during creation. 

An improvement here is the prime editing method [99]. In contrast to the Cas9 
technology, the Moloney Murine Leukemia Virus reverse transcriptase (MLV-RT) 
domain was added to the Cas endonuclease. At the same time, the gRNA was 
extended by the part of the repair template. However, there have been few reports of 
plant applications so far, suggesting that the technology still needs improvement. 

To precisely incorporate large DNA fragments in plants, a PrimeRoot-named 
method was recently described [100]. Third-generation PrimeRoot editors use opti- 
mized prime editing guide RNA designs, an improved plant prime editor, and supe- 
rior recombinases to enable precise large DNA insertions of up to 11.1 kilobases 
into plant genomes. The authors describe using PrimeRoot to introduce gene regula- 
tory elements into the rice. Applications in temperate cereals have not yet been 
described. 

Base editing (BE) is another technology for the precise modification of genomes 
(DNA) or transcriptomes (RNA) of living cells at single-base resolution (for review, 
see [101]). BEs comprise a catalytically impaired cas nuclease fused with a 


144 P. Pouramini and G. Hensel 


nucleotide deaminase and sometimes DNA repair proteins. BEs can introduce sin- 
gle nucleotide variants at desired sites into the DNA (nuclear or organellar) or RNA 
of both dividing and non-dividing cells. There are two types of BEs — DNA BEs, 
which directly induce targeted point mutations in DNA, and RNA BEs, which con- 
vert one ribonucleotide to another in RNA. The currently available DNA BEs can be 
further divided into cytosine BEs (CBEs), adenine BEs (ABEs), C-to-G BEs 
(CGBEs), dual-base editors, and organellar BEs. These categories are discussed 
below [101]. After protoplast testing, C to T substitutions was successfully detected 
in two heterozygous wheat plants [102]. To increase the efficiency, further improve- 
ments such as the NLS, crRNA, LbCas12a nuclease, adenine deaminase, and linker 
were undertaken, achieving up to 55% efficiency in stable mutants (JaLOX and 
TaMLO) [103]. In other plants, further improvements, such as placing a N-terminal 
reverse transcriptase—Cas9 nickase fusion performed better in rice than the com- 
monly applied C-terminal fusion [104]. In addition, introducing multiple-nucleotide 
substitutions in the reverse transcriptase template stimulated prime editing with 
enhanced efficiency. Additionally, it was shown that using two pegRNAs that 
encode the same edits but target complementary DNA strands highly promotes the 
desired outcome [105]. 

However, all the previously mentioned methods are still subject to particular 
challenges. These concern all parts of the process, such as selecting, using, and 
transferring appropriate gRNAs and Cas and proteins, general tissue culture, geno- 
type dependence, detection of induced mutations, and identification of transgene- 
free, etc. homozygous progeny [106]. Further sequencing of genomes and enzyme 
evolution will undoubtedly lead to other plant improvements. It is crucial that the 
plants produced in this way also find use in European agriculture and that outdated 
regulations do not prevent their use. 
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Chapter 10 e 
Implementing Genome Editing in Barley yss 
Breeding 


Liina Jakobson, Signem Oney Birol, and Ljudmilla Timofejeva 


Abstract This chapter summarizes the status of the genome editing efforts in 
Hordeum vulgare L. and provides an overview of the technical advances and obsta- 
cles of applying genome editing in barley. It also highlights the potential of genome 
editing in barley breeding with the focus on breeding for high yielding, disease 
resistant and stable varieties. The CRISPR/Cas technology is a breakthrough in 
genome editing due to its robustness and easy to use programming, especially for 
generating targeted mutations to switch off genes that have a negative impact on 
food quality, increase susceptibility to pathogens, or divert metabolic flux away 
from useful end products. Genome editing studies are expected to advance barley 
breeding by accelerating the breeding process and enabling easier multiplexing of 
traits. The chapter offers an outlook on the future of barley genome editing tech- 
niques based on CRISPR/Cas system. 


1 Barley Breeding 


Barley (Hordeum vulgare L.) is one of the first crops to be domesticated and on the 
other hand one of the most genetically diverse cereal species [1]. The cultivation 
history of the barley was started with the first seeding about 10,000 years ago by the 
farmers in Near East [1, 2]. In Europe, barley is nowadays the second most impor- 
tant cereal crop. Itis mainly used for animal feed and beverage production. Although 
human diet is not the primary use, barley offers several health benefits and is still an 
important source of calories in Northern and Eastern Europe as well as in other parts 
of the world such as North Africa, Middle East and Asia. 
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Over decades, breeders have utilized many strategies to introduce novel heritable 
mutations into plant genomes in order to develop new improved varieties. The use 
of numerous physical, chemical and biological mutagens such as gamma rays [3], 
X-rays [4], ethyl methanesulfonate [5], sodium azide [6], Agrobacterium tumefa- 
ciens [7] and transposon-based molecular markers [8] has facilitated the rapid 
extension of genetic diversity throughout the last century. However, these approaches 
have significant limitations, including the non-specific character of the produced 
mutations, the huge number of unnecessary mutations and the occasional undesired 
deletions, duplications or rearrangements of large genomic fragments [9]. Methods 
of haploid production are also an important tool in barley breeding, being time- 
saving and providing genetically fixed breeding lines. 

Current breeding goals for barley depend on local conditions and vary a lot. In 
order to meet the increasing demand for livestock feed, starch, and a range of alco- 
holic (such as beer, whisky, and ethanol) and non-alcoholic (such as barley tea, 
barley coffee, and malt drink) beverages, barley breeding must focus on developing 
high-yielding and stress-tolerant varieties that can thrive even in challenging cli- 
matic conditions. Global changes such as the predicted increase in human popula- 
tion and diet, set some common goals both for breeding and agricultural crop 
production [10]. Thus, breeding for disease resistance, high yielding and stability 
are crucial components worldwide to ensure food security and satisfy the increasing 
demand. Together with the accelerating global changes, barley breeding has been 
challenged to speed up the process and multiplex a variety of traits in new varieties. 


2 Genome Editing Advancements in Barley 


Among gene editing technologies there are three major classes of synthetic endo- 
nucleases applied in plants: (a) zine finger nucleases (ZFNs) are endonucleases 
linked to a multi-zinc-finger DNA-binding domain [11]; (b) transcription 
activator-like effector nucleases (TALENS) are composed of multiple transcription- 
factor-like DNA-binding domains linked to endonuclease domain [12]; (c) the 
widely used CRISPR/Cas (clustered regularly interspaced short palindromic 
repeats/CRISPR-associated) system is composed of single guide RNAs (sgRNAs) 
enabling targeting multiple genes simultaneously and the Cas nuclease [13, 14]. 
First, TALEN-mediated genetic modifications in barley were induced in embryo- 
genic pollen and leaf epidermis of winter barley variety ‘Igri’ [15, 16]. At the same 
time, Lawrenson and colleagues demonstrated for the first time the use of CRISPR/ 
Cas9 technology in immature embryos of barley variety ‘Golden Promise’ to gener- 
ate stable and inheritable mutations [17]. Biolistic transformation method for induc- 
ing CRISPR/Cas9-mediated InDels in ‘Golden Promise’ was presented only couple 
of years later [18]. 
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Barley genome assembly was completed on the North American barley variety 
‘Morex’ in 2017 [19]. Soon thereafter several protocols optimizing CRISPR/Cas 
protocols for barley were published [20-23]. The first Cas nuclease utilised in site- 
directed mutagenesis of barley was SpCas9 originated from Streptococcus pyo- 
genes. Recently, the use of two versions of high efficiency endonuclease LbCas12a 
from Lachnospiraceae bacterium coupled with CRISPR was reported in barley [24]. 

Most CRISPR/Cas-mediated approaches focus on “negative effects” and genera- 
tion of null alleles or loss-of-function alleles by targeting coding regions, while 
many agronomically important traits are associated with gain-of-function alleles. 
New strategies employed in other plants target non-coding promoter regions. Li 
and co-workers [25] engineered allelic variation by editing tomato KLUH promoter 
around a single-nucleotide polymorphism (SNP) located in a conserved putative 
cis-regulatory element [25]. Among twenty-one mutant alleles with various inser- 
tions and deletions, five mutant alleles showed a consistent increase in fruit weight. 
Moreover, promoter editing has proven useful in altering plant architecture in 
tomato [26], in developing resistance against Xanthomonas in rice [27, 28] and cit- 
rus [29], and in engineering drought tolerance in maize [30, 31]. Editing of non- 
coding cis-regulatory elements (CRE) offers considerable potential for crop 
improvement via fine-tuning of gene expression that cannot be achieved by simple 
knockout mutations. However, its widespread application is still hampered by the 
lack of precise knowledge about functional motifs in CRE [32]. Recent advance- 
ment CRISPR-Combo enables genome editing (targeted mutagenesis or base edit- 
ing) and gene activation in plants simultaneously [33]. 

The above-mentioned findings have opened the great potential of rapid charac- 
terisation of gene function in barley, followed by advancement in precision and 
increased speed in breeding. New breeding techniques (NBTs) now enable switch- 
ing on/off target genes in barley or convert allelic variants into more advantageous 
alleles without genetic linkage drag. These approaches could support traditional 
breeding by overcoming the limits of random mutagenesis and at the same time 
without developing transgenic plants. However, there are several bottlenecks in the 
successful utilisation of CRISPR/Cas system in barley such as transformation effi- 
ciency and the risk for off-targets. Transformation efficiency is one of the obstacles 
hindering the use of CRISPR/Cas in the production of new barley varieties. The risk 
of off-target mutations can be minimized with the help of large number of bioinfor- 
matic and computational tools developed to date, which facilitate gRNA site selec- 
tion and evaluation of the probability for off-target events [34]. 

Thus, genome editing with the CRISPR/Cas system has been presented to be 
applicable in barley and a suitable technology for precision breeding. So far, the 
examples of using genome editing in barley have mainly focused on the validation 
of mutagenesis protocols and gene function, however, many genes and traits appli- 
cable in breeding are yet to be tested and verified. 
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3 Using Genome Editing to Target Disease Resistance, Yield 
and Stability 


The discovery of the CRISPR/Cas system about ten years ago has brought an exten- 
sive precision to the portfolio of site-specific mutagens and a wide range of induc- 
ible modifications, which have many putative applications in breeding. Efficient, 
easy to use and highly target-specific single-guide RNAs (sgRNA) enable crop 
breeders to boost specifically either yield, biomass, abiotic/biotic stress tolerance, 
disease, pest resistance or any other trait [35-37]. Recent experiments combining 
customisable endonucleases and doubled haploid technology facilitate and acceler- 
ate the induction of multiple homozygous and inheritable mutations even further 
[38]. There are also several recent reviews available about the potential of using 
CRISPR/Cas genome editing in barley [39-45]. Here we shall highlight the poten- 
tial of genome editing in barley breeding with the focus on breeding for high yield- 
ing, disease resistant and stable varieties. 

Overall plant immunity and genome stabilization could be one of the targets to 
induce disease resistant barley varieties. There are a few examples in barley, where 
disease resistance has been tackled with the aid of CRISPR/Cas technology. The 
cosmopolitan fungal pathogen Fusarium graminearum causes fusarium head blight 
(FHB), which not only reduces crop yield but also accumulates mycotoxins in bar- 
ley grains. 2-oxoglutarate Fe(II)-dependent oxygenase (2O0GO) has been identified 
as a susceptibility factor and plant immunity suppressor in Arabidopsis. Barley 
orthologue Hv2OGO was shown to complement the CRISPR/Cas9-induced knock 
out mutation in Arabidopsis and may have a similar role in controlling resistance to 
FHB in barley [46]. In addition, seven MORC proteins in barley, paralogs of 
Microrchidia (MORC) protein family, were shown to be involved in plant immu- 
nity. CRISPR/Cas-induced double knockout mutants of HvMORC1 and HVMORC6a 
showed increased disease resistance to fungal pathogens Blumeria graminis and 
Fusarium graminearum [47, 48]. A large number of mildew locus o (mlo) mutants 
have been found or generated in various barley varieties, which exhibit strong resis- 
tance to powdery mildew fungus Blumeria graminis f. sp. hordei. Recently, CRISPR/ 
Cas9-mediated reverse genetics approach was employed to elucidate the molecular 
function of MLO [49]. 

Wheat dwarf virus (WDV) is an economically important, insect-transmitted 
DNA virus, which infects also barley, causing severe yield losses. Direct antiviral 
utilization of the CRISPR/Ca9 system was presented in barley by establishing WDV 
resistance via targeting sgRNA sequences against viral genome [50]. Eukaryotic 
virus translation initiation factor E (eIF4E) is a plant cellular translation initiation 
factor and an essential target in potyvirus infection. Barley plants with modified 
HveIF4E were generated, but viral resistance is yet to be tested [51]. 

Soil-borne bymoviruses barley yellow mosaic virus (BaYMV) and barley mild 
mosaic virus (BaMMY) infect young winter barley seedlings in autumn and can 
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cause yield loss up to 50%. PROTEIN DISULFIDE ISOMERASE LIKE 5-1 
(PDILS-1) from ancient landraces and wild relatives of barley confers resistance to 
all known strains of these viruses. Novel genome-edited PDIL5-/ alleles were 
shown also to be resistant to BaMMYV, without any adverse effects on growth or 
yield [52]. 

Yield stability is the genotype’s ability to produce consistently high yield in 
diverse environments. Breeding for high yield and stability is a complex process 
that requires the consideration of various factors such as genetics, environment and 
management practices. Breeding for yield requires the selection of high-yielding 
genotypes with desirable agronomic traits such as plant height [53, 54], physiologi- 
cal maturity [55], disease and pest resistance [56], and lodging resistance [57]. 
Previous studies on CRISPR/Cas editing technology in barley targeted HvPM19 
multi-copy genes (PM19-1 and PM19-3), associated with grain dormancy [17]. 
Lawrenson and colleagues transformed the two PM19 genes independently into 
variety ‘Golden Promise’. Genome-editing of the cytokinin oxidase/dehydroge- 
nases (HvCKX/ and HvCKX3) in barley, which are regulating endogenous cytoki- 
nin metabolism, has shown their importance in regulating root length, tillering and 
yield [20, 58]. Galli and colleagues described transformation of HVMORCI and 
HvMORC6a CRISPR/SpCas9 constructs to regulate transposable elements to 
increase biotic stress resistance and agronomic traits in barley [48]. Cellulose 
synthase-like gene superfamily (HvCsIF3, HvCslF6, HvCsIF9 and HvCslH1) genes 
are related to low grain (1,3; 1,4)-B-glucan content in barley, which is a preferred 
trait in brewing and distillation processes [59, 60]. D-hordein gene (HvHor3) has 
also been targeted to change the D-hordein composition and other grain phenotypic 
features [61, 62]. Gene-editing of the caffeic acid O-methyltransferase 1 (COMTI) 
for use in lignocellulosic biomass and lignin biosynthesis has also been utilized 
[63-65]. 

The terms “phenotypic stability and yield stability” are often used to refer to 
phenotypic variations of the genotypes. Moreover, according to Becker and Leon a 
stable genotype is one that performs consistently despite significant statistical dif- 
ferences in environmental variables [66]. Stability of quality traits to produce supe- 
rior varieties in cereals is very important for breeders because genotype ranks affect 
selection efficiency for genotypes that perform well under different environmental 
stress factors such as drought [67], salinity [68], diseases [69] to produce superior 
varieties in cereals. Thus, several studies have reported that the yield stability is cor- 
related with the biomass [70], photosynthetic capacity [71], flowering time [72]. 
Newly developed targeting and genome editing technologies provide an opportunity 
to manipulate specific genomic sequences for improved yield stability. Recently, 
most of the genome editing studies in barley focus on grain quality, by targeting 
phytase activity [73], flavoenzyme activity [20], high amylose content [74], 
D-hordein content [62], grain size and composition [75], lignocellulosic content in 
secondary cell walls [63] and vitamin E biosynthesis in grains [76]. 
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4 Challenges in Barley Genome Editing 


Although, the CRISPR/Cas is currently actively studied in many research centres 
and breeding companies, there are still a number of limitations in the application of 
the protocol. The limiting factors are: small number of suitable barley genotypes, 
low transformation efficiency, possible off-targets in other parts of the genome 
exhibiting high sequence similarity, availability of mutable cut sites in the target 
sequence, and biallelic mutations due to inefficient cutting of the genomic DNA 
[20, 77, 78]. 

Callus regeneration is the final step in the Agrobacterium-mediated transforma- 
tion and CRISPR/Cas genome editing protocols used mainly for barley. However, 
the varietal dependency in the efficiency of barley callus regeneration was observed 
already in 1980-ies both for winter and spring barley [79]. Barley variety ‘Golden 
Promise’ has since then been used as the standard for callus regeneration and trans- 
formation. Thus, genotypic restrictions on plant regeneration have hindered the 
implementation of transformation and genome editing tools on most barley varieties 
for over four decades. 

Barley transformation protocols have been optimized, updated and improved 
over time. Several enhanced protocols have been published, mainly for 
Agrobacterium-mediated transformation of immature embryos, which provide aver- 
age transformation efficiencies of 25% in the background of ‘Golden Promise’ 
[80-83]. For instance dicamba in the callus induction and maintenance media was 
generally superior to 2,4-D in promoting transformation and addition of CuSO, 
resulted in formation of more green plants [84]. The addition of L-cysteine as an 
antioxidant was reported to hinder the browning of embryos and boost the effi- 
ciency of transformation [85]. Albinism, which can appear among regenerated bar- 
ley, is caused by the inability of proplastids to transform into chloroplasts. 
Pre-treatment with mannitol may help to reduce albino barley plants [86]. Recently, 
anther culture-based system was shown to enable effective creation of transgenic 
plants not only from “Golden Promise’ but also from four other Australian commer- 
cial barley varieties [87]. 

In addition to changing hormone and nutrient levels, techniques that modify the 
innate gene expression of plants could enhance the effectiveness of transformation. 
There are examples from maize, rice, sorghum and sugarcane (Saccharum officina- 
rum) that overexpressing Baby boom (Bbm) and Wuschel2 (Wus2) genes produced 
high transformation frequencies in previously nontransformable lines [88]. BBM is 
a transcription factor among the superfamily of the APETALA 2/ETHYLENE 
RESPONSE FACTOR (AP2/ERF) DNA-binding domain, subfamily AP2 [89, 90]. 
Two TaBBM genes in wheat have been identified as orthologues for maize Bbm 
[91], however, barley counterparts are still to be uncovered. WUS is a bifunctional 
homeodomain transcription factor, which mainly acts as a repressor but can become 
also an activator [92, 93]. 
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Another promising approach for increasing transformation efficiency, could be 
the expression of fusion protein combining wheat GROWTH-REGULATING 
FACTOR 4 (GRF4) and its cofactor GRF-INTERACTING FACTOR 1 (GIF1) [94]. 
The concept was proven to have the desired effect in wheat, rice, triticale as well as 
in the dicot crop citrus hybrid Carrizo citrange [94]. Studying the effect of GRF-GIF 
fusion protein in reducing varietal gap in barley transformation would be a compel- 
ling avenue for exploration. 

Lately, there have been several reports addressing the transformation efficiency 
by aiming to dissect its genetic determinants in transformable genotypes. Three 
significant and seven suggestive Transformation Amenability (TFA) regions were 
identified in ‘Golden Promise’, which likely include necessary factors for 
Agrobacterium-mediated transformation in barley [7, 95]. Additionally, the trans- 
formation efficiency (TRAZ) locus was identified in the barley mutant M1460 on 
chromosome 2H incorporating 225 gene sequences [96]. Thus, there are sugges- 
tions in the literature that certain genetic components could affect the amenability 
to Agrobacterium-mediated transformation. However, further research is needed 
before this data could be used to overcome recalcitrance. 


5 Social and Legislative Aspects of Using Genome Editing 
in Barley Breeding 


Transgenic and genome editing technologies have a number of challenges, includ- 
ing regulatory barriers, public acceptance and the time and cost of risk assessments 
needed prior to commercialization. Genome edited products do not align with the 
prevailing definitions of genetically modified organisms (GMOs) in the majority of 
legal frameworks [75, 97]. The United States Department of Agriculture (USDA) 
[98] and the Australian Government Office of the Gene Technology Regulator [99] 
have determined that CRISPR-edited crops without foreign DNA are exempt from 
regulation as genetically modified organisms with regard to the regulation and com- 
mercialization of such products that enables to support and usage of the genome 
edited crop production. Afterwards, the European Parliamentary Research Service 
has ruled the legislation process based on the societal acceptance to promote the 
safety of humans, other animals, the non-living environment, and safe agriculture 
based on current developments in international genome editing laws in any genome 
editing application organized with the CRISPR/Cas system [100]. Recent develop- 
ments in England reveal a change in the law permitting the commercial use of the 
gene edited products [101]. Cambridge-based researchers support utilizing this 
technology to develop crop varieties that are resilient to climate change and antici- 
pate that it will create new employment opportunities. By enabling the production 
of better-adapted crops in less time and facilitating prompt market access, this 
approach holds significant promise. 
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Fig. 10.1 Implementing genome editing in barley breeding. NBTs such as ZFNs, TALENs and 
CRISPR/Cas system enable to accelerate breeding and multiplex different traits. Application of 
NBTs in breeding is yet accompanied by the challenges in legislative rules 


Consequently, genome editing enables to breed in less time and with greater 
precision, maximize crop genetic potential, generate germplasms that are more 
resistant to pests, biotic and abiotic challenges, and extend shelf life of plant prod- 
ucts to reduce food waste. However, barley genome editing protocols still have a 
number of limitations. Acquiring knowledge about genome editing techniques and 
their applications is crucial for shaping regulatory frameworks that will impact the 
feasibility of utilizing novel barley varieties and support food security (Fig. 10.1). 
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Chapter 11 A 
Current Status and Future Prospective geat 
of Genome Editing Application in Maize 


Serena Varotto 


Abstract Maize (Zea mays ssp. mays) is the most world-widely cultivated agricul- 
tural crop and over the past century, its yield per unit land area has increased consis- 
tently due to both breeding efforts and improvement in management. Cross breeding, 
mutation breeding, and transgenic breeding are the main methodologies adopted for 
maize improvement. The first maize transgenic hybrids were commercialized more 
than 20 years ago, and till now more than 150 different events of transgenic maize 
have been approved for commercial cultivation. The sequencing of the maize 
genome and the development of advanced genomic tools provided the biologists 
with the theoretical information necessary to attempt the genome modification at 
the pre-intended genomic loci. The tremendous advances brought about by CRISPR/ 
Cas systems from first applications to nowadays has made genome editing a power- 
ful tool for precise maize improvement. Although many CRISPR-Cas-edited genes 
have been documented to improve maize traits of agronomic interest, only a few 
lines have been tested in field trials; additional work for determining potential 
breeding values of edited maize lines must be done in terms of field tests. The inte- 
gration of CRISPR-Cas technology in the breeding of new maize varieties also 
depends on existing and future regulatory policies that will be adopted worldwide. 


1 Introduction 


Maize (Zea mays ssp. mays) is the most world-widely cultivated agricultural crop 
and a renowned experimental model plant for molecular and genetic studies. 
Maize domestication started about 9000 years ago from the wild grass Z. mays 
subsp. Parviglumis in the Balsas region of southwest Mexico [1, 2]. Morphological 
observations, genetic and genomic studies have elucidated how from Z. mays 
subsp. Parviglumis (also called “teosinte” Z. mays subsp. mays was 
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domesticated. Although a few major morphological differences distinguish these 
two subspecies, and genes responsible for these traits have been identified, it has 
emerged that several genomic regions have contributed to maize domestication 
[3]. Among the grasses, maize has a medium-sized genome of approximately 
2.4 Gb [4], which is characterized by an exceptional genomic structural diversity. 
Large insertions and deletions that includes tandem repeats cluster and transpos- 
able elements are common between maize inbred lines. This structural diversity, 
characterized by copy number variants (CNVs) and presence/absence variants 
(PAVs) is important for maize adaptation and has offered a rich pool of genetic 
diversity to breeders for creating improved germplasm [5]. At the gene sequence 
level, single nucleotide polymorphisms (SNPs) are frequent in introns and 
untranslated regions of maize genome. SNPs surveys and subsequent quantitative 
traits genome wide association studies (QTL/GWAS) were adopted for linking 
genetic and phenotypic variations. In parallel, the sequencing of the B73 refer- 
ence genome, which quality has been greatly improved during the last few years 
by the development of long-read sequencing (mainly by Pacific Biosciences’ 
PacBio) single molecule real-time (SMRT) sequencing [6] have shed light on both 
the complexity of the maize genome and the contributions of different variations 
to phenotypic differences. In addition to the characterization of genetic variations, 
recent research in maize was aimed at understanding the relationships among 
gene expression, epigenetic modifications, chromatin interactions, and metabolic, 
proteome, and phenotype variations. The development of high-quality genome 
assembly tools together with the precise characterization of genomic diversity and 
the association of genetic variants with yield-related traits has greatly improved 
maize genomic research. Till now, thousands of diverse and representative maize 
lines have been genotyped [7] and the integration of multiple annotated reference 
genomes has been facilitated by comprehensive databases that store, maintain, 
analyze, and visualize the multi-omics data, such as MaizeGDB [8] and ZEAMAP 
[9]. The development of genomic technologies has allowed a deeply exploration 
of diversity at all levels in different environments and the identification of genes 
that determine maize yield: the mechanistic understanding of gene function and 
the precise modification of genes in different genomic background can accelerate 
breeding for yield in the coming years. 


2 A Glance Over Conventional Maize Breeding 


Over the past century, maize yield per unit land area increased consistently (over 
sevenfold) due to both breeding efforts and improvement in management [7]. 
Breeding of hybrid crops was pioneered in maize since the observation, in early 
1900s, that hybrid cultivars provided higher yield compared to pure lines and open 
pollinated varieties [10]. The constitution of modern maize hybrids relays on 
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development of elite parental inbred lines and their subsequent evaluation in single 
cross combination. The original methods for hybrid production introduced by Shull 
in 1908 (referred as “pure line method of corn breeding”) [11] underwent several 
modifications over years. This allowed both a more efficient production of inbred 
lines and identification of superior hybrid combinations between them [12]. In mod- 
ern maize breeding, the activity of evaluation of inbred lines for hybrid performance 
is the most critical and expensive phase. Inbred lines are collected in heterotic 
groups with the aim of facilitating the identification of superior hybrid combina- 
tions [10]. Additionally, to increase the number of lines having good potential for 
hybrid performance, population improvement methods are adopted, and double 
haploid (DH) technology is used to generate homozygous lines [13]. To introduce 
desirable alleles into a desired elite inbred line background by genetic crosses, 8—10 
selfing generations are required. Moreover, extensive background screening and 
evaluation of large-sized progenies are necessary to increase the chance of genetic 
recombination and reduce possible linkage drag effects, when the desirable trait is 
closely linked to an undesirable trait [7]. The advantage of DH technology relays on 
the much quicker development of homozygous lines compared to 8—10 generations 
of inbreeding by selfing or sib-crossing necessary to develop inbreds [14]. Nowadays 
in maize breeding programs, DH are routinely obtained by pollinating the plants 
with haploid inducer (HI) lines. Subsequently, chromosomes can be doubled spon- 
taneously or artificially, by treatment with mitotic inhibitors such as colchicine, for 
generating DH lines. 

Cross breeding, mutation breeding, and transgenic breeding are the main meth- 
odologies adopted for maize improvement. As illustrated above, in maize to intro- 
duce desirable alleles by cross breeding, and use genetic recombination to produce 
genetic variability are long and costly procedure. Additionally, for some agro- 
nomic traits genetic variability has been greatly reduced by domestication and 
directed selection [15]. To overcome these limits, mutation breeding has created 
genetic variation by introducing random mutations in the maize genome [16]. 
However, the stochastic nature of the mutations produced and the need to screen 
large numbers of mutant genotypes makes mutation breeding a time-consuming 
and laborious procedure that cannot enhance selection efficiency, even if marker- 
assisted breeding approach are adopted. Transgenic breeding through the transfer 
of exogenous genes into commercial elite varieties can accelerate the improve- 
ment of important agronomic traits. However, along with some limitations of the 
methodology, such as the random insertion of the transgene and the low number 
of sequences that can be introduce in the genome by genetic transformation, the 
long and costly deregulation processes, and public concerns about transgenic 
crops, limit the commercialization of genetically modified maize plants [17]. In 
the following chapter we will highlight how the introduction of targeted mutagen- 
esis and the combination of these novel technologies with conventional breeding 
procedures can solve some of the main limiting factors for a more sustainable 
maize breeding. 
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3 Maize Genetic Transformation 


Technological innovation and scientific discoveries have always had a big impact on 
maize research and breeding, and genetic transformation has been an indispensable 
biotechnology in both applied and basic maize research. In basic research transfor- 
mation technologies were widely adopted to study gene regulation and function, 
mainly through the obtention of mutant plants in which the target sequences are 
over-expressed, expressed ectopically, downregulated or silenced. Additionally, 
transgenesis allows the study of gene promoters and other regulatory sequences 
regulating gene expression in the coding portion of the genome. As already men- 
tioned above, in applied maize research, the introgression of beneficial target genes 
from one line (donor) to another (recipient) by conventional breeding requires many 
years of backcrossing after hybridization and may lead to linkage drug effect on the 
recipient line genome [7]. Conversely, genetic transformation introduces well char- 
acterized DNA regulatory and coding sequences into the plant genome. The goal to 
transform maize with a high efficiency technology, providing high-quality trans- 
genic events has been essential to improve specific maize traits [18]. Initially, the 
production of genetically modified maize varieties has encountered enormous dif- 
ficulties, mainly for the genotype-associated recalcitrance to transformation. In late 
80’, progresses in genetic engineering and biotechnology resulted in stable transfor- 
mation of maize [19]. Fromm and colleagues stably transformed maize cells for 
resistance to kanamycin by electroporation-mediated DNA transfer of a chimeric 
gene encoding neomycin phosphotransferase. In 1987 Grimsley and colleagues 
reported that maize plants developed symptoms of viral infection when inoculated 
with strains of Agrobacterium carrying copies of maize streak virus (MSV) genomes 
in their T-DNA, thus demonstrating that Agrobacterium could transfer DNA to 
maize [20]. The first genetically transformed infertile maize plants were obtained 
from embryogenic cell derived protoplasts treated with plasmid DNA containing a 
gene coding for neomycin phosphotransferase (NPT ID driven by the 35S promoter 
region of cauliflower mosaic virus [21]. Finally, fertile transgenic maize plants were 
produced from embryogenic cell suspension transformed with the bacterial gene 
bar, encoding for phosphinothricin acetyltransferase (PAT), using microprojectile 
bombardment [22]. Although several protocols for Agrobacterium- and polyethyl- 
ene glycol (PEG) protoplast-mediated transformation were developed before 2000s 
[23, 24] transformation efficiency and successful in vitro plantlet regeneration 
through tissue culture was highly dependent on genotypes. Therefore, hybrid lines 
showing the ability to produce highly transformable calluses were selected: High 
type II callus (Hi ID, containing both A188 and B73 inbred genetic background, 
became one of the most widely used hybrids for maize transformation in both aca- 
demic and plant industrial labs [25, 26]. Commonly for maize transformation, 
embryogenic callus started from immature embryos and cell suspension cultures of 
embryogenic callus were used [27—29]. Nowadays, although maize transformation 
is routinely performed, a few genotypes (A188, B104) have been reported to have 
acceptable transformation efficiency comparable to Hi-II, which have remained the 


11 Current Status and Future Prospective of Genome Editing Application in Maize 169 


most popular lines for commercial transformation. For instance, the maize inbred 
line B73 that is the first inbred to be sequenced and an important genetic resource is 
strongly recalcitrant to transformation, as well as most of the commercial elite 
maize inbred lines. The discovery that transgenic maize genotypes overexpressing 
BABY Boom (ZmBbm), WUSHEL (ZmWus2) and OVULE DEVELOPMENT 
PROTEIN 2 (ODP2) genes can enable high transformation frequencies in numerous 
recalcitrant genotypes was an important milestone for maize transformation [30]. 
Morphogenic Regulator-Mediated Transformation (MRMT) vectors containing 
these morphogenetic genes can be introduced into Agrobacterium strains and used 
for immature embryo transformation. Through MRMT increased plant regeneration 
rates, recovery of transformed plants from recalcitrant genotypes, and a shortening 
in time needed for transformation by avoiding the callus culture step have been 
obtained [31]. However, since the constitutive expression of MRs can have a nega- 
tive pleiotropic effect on important developmental traits, its expression has to be 
restricted to the embryogenesis induction step, either by excision of the MR expres- 
sion cassette through a recombination system or driving the expression of MRs 
using specific promoters [31]. 

The first maize transgenic hybrids were commercialized more than 20 years ago, 
and till now more than 150 different events of transgenic maize have been approved 
for commercial cultivation or food/feed use. Most of the released events concerns 
simple traits, such as herbicide tolerance, insect resistance, modified product qual- 
ity, pollination control system and abiotic stress tolerance [32]. It is a matter of fact 
that applying transgenic approaches for the improvement of complex traits is diffi- 
cult, because these traits are controlled by numerous genomic loci with a small 
effect and are strongly influenced by the environment. Evidently this represents a 
limitation for maize improvement because the limitation concerns the integration of 
biotechnology and traditional breeding in the improvement of complex traits [33]. 
One more limitation of transgenic approaches is that foreign DNA integrates into 
random sites of the host genome. Random integration of transgene might affect the 
transgene expression, although some recent observations did not prove the assump- 
tion of this risk [34]. Moreover, from the first transgenic hybrid commercialization 
new techniques were developed, new regulations were adopted, and despite their 
significant beneficial impact on modern agriculture, public perception is still con- 
troversial about transgenic crops. The high costs necessary for the deregulation of 
genetically modified commercial maize plants can be afford only by the largest 
agricultural biotechnology companies, with a consequent increasing concentration 
of maize seed providers [35]. 


4 Mutagenesis in Maize 


Traditionally in maize, mutagenesis has been an impressive useful tool for both 
broadening genetic variation and understanding gene function. Numerous strategies 
were developed for creating mutations and identifying genes based on phenotypes 
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(forward genetics). The same strategies have also been used to assignee a phenotype 
to target coding sequences (reverse genetics). While in early mutagenesis experi- 
ments UV and X rays [36, 37], ethyl methanesulfonate (EMS) and other chemical 
mutagens were used, the main strategies for comprehensive mutagenesis of maize 
genes comprise TILLING (Targeting Induced Local Lesions IN Genomes) [38], 
RNAi [39] and transposons mutagenesis. The discovery and characterization of 
transposon families as well as their massive presence into maize genome facilitated 
the development of transposable element systems, particularly useful for two maize 
inbreds, namely B73 and W22. In recent years these systems based on Class II “cut 
and paste” maize transposons were implemented for creating based genetic 
resources, such as Ac/Ds families and UniformMu available through MaizeGDB 
(https://www.maizegdb.org/) and Maize Genetics Cooperation Stock Center (http:// 
maizecoop.crops ci.uiuc.edu/) respectively. In the genomic era maize transposons 
have been the premier method for gene discovery and phenotypic-related character- 
ization in a whole -organism context [40]. 

The sequencing of the maize genome and the development of advanced genomic 
tools provided the biologists with the theoretical information necessary to attempt 
the genome modification at the pre-intended genomic loci in a more precise way 
than random mutation breeding, which can be time consuming and expensive for 
the large screens needed. Targeted mutagenesis initial attempts were rarely success- 
ful in maize, due to the very low frequency of homologous recombination (HR) 
events involving either endogenous target or exogenous donor DNA [41]. However, 
the adaptation to maize of Zinc Finger Nucleases (ZFNs) and Transcription 
Activator-Like Effector Nucleases (TALENs) two novel technologies successfully 
applied in mammalian cells and in a few model plants, such as Arabidopsis and 
tobacco, allowed the first genome editing events on maize endogenous target genes. 
Targeted genome editing tools use nucleases to induce DNA double-strand breaks 
(DSBs). In plant cells, DSBs can be repaired by two main pathways, nonhomolo- 
gous end-joining (NHEJ) or homology-directed repair (HDR). The NHEJ pathway 
usually generates in/dels at the repair sites. Differently, when a template DNA is 
provided HDR can be adopted for precise sequence replacement or insertion [42]. 
The ZFNs are chimeric proteins with two domains: the N-terminal domain is a syn- 
thetic zinc finger-based domain that recognizes a 3-base-pair (bp) target sequence 
and binds to DNA; the C-terminal domain is a non-specific DNA cleavage domain 
using Fok! a type IIS class of restriction endonucleases [43]. Because FokI func- 
tions as a dimer, ZFNs are designed as two ZFN monomers bound to an 18- or 
24-bp sequence with a 5—7-nucleotide spacer. This spacing is a critical part of ZFN 
design as it allows Fokl monomer to dimerise and create a DSB in the target 
sequence. A pair of Zinc finger arrays (ZFAs) binds to respective sequences targeted 
and get aligned in reverse fashion with each other. In 2009, Schukla et al. [44] 
reported the use of designed (ZFNs) that induced a double-stranded break to modify 
a target endogenous locus in maize. The simultaneous expression of ZFNs and 
delivery of a simple heterologous donor molecule allowed the targeted addition of 
an herbicide-tolerance gene, one of the phytic acid biosynthesis genes, namely 
inositol-1,3,4,5,6-pentakisphosphate kinase 1 (IPK1). ZFN-modified maize plants 
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could pass these genetic changes to their progeny: in developing maize seeds the 
targeted cleavage of IPK1 gives the characteristics of both herbicide tolerance and 
desired alteration of the inositol phosphate [44]. About five years later, the TALEN 
technology was successful applied for targeted gene mutagenesis in a proof-of- 
concept study in maize [45]. Similarly to ZFNs, TALENs are fusion proteins of 
native or artificial TAL effector DNA-binding domains and the DNA-cleavage 
domain of FokI. The modular TAL effector repeats can be custom-tailored into 
DNA recognizing domains for virtually any sequence in a genome [46]. When 
expressed in plant cells, the paired TALENs recognize and bind to two adjacent, 
opposite subsites, enabling the FokI domains (homo- or heterodimeric) to dimerize 
to an approximately 50—60-bp target sequence within a 14—18-bp spacer, which is 
necessary for its function. In maize, TALENs were employed to generate heritable 
mutations at the glossy2 (gl2) locus. Hi-II transgenic lines containing mono- or di- 
allelic mutations were produced at a frequency of about 10%. Three modified alleles 
were functionally tested in progeny seedlings, demonstrating that they conferred the 
glossy phenotype. The authors reported that the integrated TALEN T-DNA segre- 
gated independently from the loss of function gl2 alleles in most of the events, 
generating mutated null-segregant progeny in T1 generation [45]. 

These results confirmed ZFNs and TALENS as new strategies for maize genome 
editing in basic science, with potential in breeding applications. However, owing to 
construction complexity, high off target rate of ZFNs and high costs of result screen- 
ings they had limited applications in maize till now. 


5 The CRISPR Technology Application in Maize 


The clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR- 
associated (Cas) system, comprising CRISPR repeat-spacer arrays and Cas pro- 
teins, is an RNA- mediated adaptive immune system in bacteria and archaea. It 
provides defense against invasive genetic elements by cleaving their nucleic acid 
genome [47]. The detailed description of the system and its classification in classes 
and types based on Cas genes are provided in other chapters of this book. Here we 
will focus on the CRISPR system that has been developed and improved for genome 
editing in maize, which is generally based on RNA-guided interference with 
DNA. Briefly, the CRISPR/Cas9 approach uses an RNA-guided endonuclease to 
generate DNA DSBs at the target sites of the plant genome. The type II CRISPR/ 
Cas9 system adopted in plants requires the hetero-duplex RNA of CRISPR RNA 
(crRNA) and auxiliary trans-activating crRNA (tracrRNA) to guide the non-specific 
nuclease, Cas9, for DNA cleavage. In Cas9 the nuclease domains RuvC and HNH 
cleave the complementary DNA strands [48]. The crRNA and tracrRNA can be 
further replaced by a single chimeric guide RNA (sgRNA) [47] that can recognize 
any genomic locus that is followed by a 5’-NGG protospacer-adjacent motif (PAM), 
and a 20-nt sequence preceding the PAM directs the Cas9 and cleave the target 
sequence by complementary base pairing. Differently from ZFNs and TALENs that 
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require sophisticated protein engineering to define precise target site recognition, 
Cas9-sgRNA components are simple to design and clone. Additionally, the fewer 
limitations of potential target sites in plant genomes make the CRISPR/Cas system 
widely applicable. When using this technology, the NHEJ repair pathway is the 
preferred way to disrupt genes by producing small indels at specific sites in target 
genes. Moreover, NHEJ can also be exploited to produce insertions of donor DNA 
sequences in a homology-independent manner [49]. An important choice to make 
for the application of this technology in maize is the system of delivery to cells of 
editing reagents, which include DNA, RNA, and ribonucleoproteins (RNPs). 
Protoplast transfection is commonly uses for transient expression, while 
Agrobacterium-mediated transfer DNA (T-DNA) transformation, or particle bom- 
bardment are the delivery methods of choice to produce edited plants. 

In 2014 Xing et al. reported the development of a toolkit to facilitate transient or 
stable expression of the CRISPR/Cas9 system and generate mutants bearing multi- 
ple gene mutations in a variety of plant species, which comprised maize [50]. This 
system was composed by a CRISPR/Cas9-based binary vector set and a sgRNA 
module vector set and was validated using maize protoplasts and maize transgenic 
lines for the targeting of the same maize genomic DNA site (ZmHKT1). In the same 
year, a comparison between two systems of targeted mutagenesis TALENs and the 
CRISPR/Cas was conducted by Liang and colleagues [51]. Five TALENs targeting 
the genes ZmPDS, ZmIPK1A, ZmIPK, ZmMRP4 and two sgRNAs targeting the 
ZmIPK gene were constructed. The efficiency in inducing targeted mutations was 
similar for the two systems: 13.1% CRISPR/Cas and 9.1% TALENs, respectively, 
in maize protoplasts. 

The first detailed report in a scientific journal of Cas9-gRNA genome editing 
technology application in maize, with direct delivery of sgRNA in the form of RNA 
molecules, was published by Svitashev et al. in 2015 [52]. For targeting five differ- 
ent maize genomic regions, the biolistic transformation of maize immature embryos 
was conducted with DNA vectors expressing a maize codon optimized Cas9 endo- 
nuclease and sgRNAs, with or without DNA repair templates. The genomic regions 
were located upstream of the liguleless! (LIG1) gene, at male fertility genes (Ms26 
and Ms45) and acetolactate synthase (ALS) genes (ALS1 and ALS2). Following 
transformations, the authors could identify mutations at all sites targeted, as well as 
plants containing biallelic multiplex mutations at LIG1, Ms26, and Ms45. When 
immature embryo cells containing pre-integrated Cas9 were directly used for biolis- 
tic delivery of sgRNAs (as RNA molecules) targeted mutations could also be 
detected. The same authors also reported the editing of ALS2 gene and the recovery 
of chlorsulfuron-resistant plants, using either single-stranded oligonucleotides or 
double-stranded DNA vectors as repair templates yielded. Moreover, RNA-guided 
Cas9 endonuclease- generated double-strand breaks at a site near LIG1 stimulated 
insertion of a trait gene by homology-directed repair. In all cases of genes knock- 
outs, edits, and insertions, T1 plants genetic analysis showed that the mutations 
followed a Mendelian segregation in subsequent generations. 

CRISPR/Cas9 has been also applied for the targeted knockout of the endogenous 
ZmPSY1 gene in maize TO transgenic plants [53]. Interestingly in this work, the 
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authors configured and optimized the CRISPR-Cas9 system for targeted genome 
editing in maize and accurately tested the activity of their customized system. 
Appropriate vectors to express Cas9 and sgRNAs for maize were generated. Cas9 
open reading frame was maize codon-optimized and driven by maize Ubiquitin2 
promoter. Additionally, to the N terminus of Cas9 a monopartite SV40 nuclear 
localization signal (NLS) was added and, to further facilitate nuclear localization, a 
bipartite nucleoplasmin nuclear localization signal (BiNLS) was added to the Cas9 
C terminus. Similarly, the authors accurately studied the maize promoter that was 
used to transcribe the short noncoding sgRNA. A reasonably high mutation rate was 
firstly established in maize protoplasts. Subsequently, the mutations occurred in 
germ cells and were transmitted to the next generation with high efficiency. No off- 
target effect could be detected at the computationally predicted putative off-target 
loci and no significant difference between the transcriptomes of the Cas9 expressed 
and non-expressed lines was reported [53]. 

In maize, multiplex gene editing was achieved by expressing Cas9 together with 
multiple gRNAs, each targeting different sites and using conventional delivery 
methods. In principle, single construct containing more than one guide RNA can 
accelerate and improve the transformation procedures. Two procedures have been 
developed: the first was based on a multi-guide RNA activated by a single promoter 
and processed by tRNA motif-mediated self-cleavage into several sgRNAs [54] the 
second based on tandem repeats of different U3 and U6 promoters each controlling 
one guide RNA [55]. In both cases, the mutations resulting from targeted mutagen- 
esis were mainly deletions or insertions of a few nucleotides probably due to NHEJ. 

In the works described above, to produce edited maize plants, transformation 
mediated by Agrobacterium or particle bombardment was used for delivering 
CRISPR/Cas DNA and a selectable marker gene into recipient maize cells and these 
DNA constructs were stably integrated into the plant genome. However, this strat- 
egy of stable integration might increase off-target changes, gene disruption and 
plant mosaicism, as well as limit commercial applications. Transgene-free edited 
plants can be selected through genetic segregation by selfing and crossing, which is 
time consuming in maize hybrid breeding. To avoid these negative effects, trans- 
genic maize plants with pre-integrated Cas9 nuclease have been generated and used 
for delivery of sgRNAs in the form of RNA molecules. However, this strategy 
requires the specific development and characterization of Cas9 pre-integrated lines. 
Transient gene expression of DNA constructs in protoplasts could represent an 
alternative approach for achieving transgene-free editing in plant. Till now, maize 
protoplast transient transformation experiments serve mainly for the evaluation of 
the efficiency of different Cas9 and sgRNA designs, due to the lack of an efficient 
protocol for the regeneration of maize plants from protoplasts. In 2016 Svitashev 
[56] and colleagues reported for the first time the biolistic delivery of in vitro assem- 
bled Cas9-sgRNA ribonucleoproteins (RNPs) into maize embryo cells and regen- 
eration of plants with both mutated and edited alleles. Purified Cas9 protein 
pre-assembled with in vitro transcribed gRNAs were delivered into maize immature 
embryo cells. The previously studied four genomic regions, liguleless1 (LIG), ace- 
tolactate synthase (ALS2) and two male fertility genes (MS26 and MS45) [52] were 
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targeted. Using this method of delivery, they produced DNA- and selectable marker- 
free maize plants with mutated alleles at high frequencies [56]. As observed in other 
systems, delivery of RNP complexes led to a significantly decreased undesired 
mutation frequencies in comparison to DNA vectors. While the frequency of off-site 
mutations was about 50% for MS45 target site for both immature embryos and 
mature plants when Cas9 and sgRNA were delivered on DNA vectors, off-site 
mutations were not detected in regenerated plants when RNPs were used. These 
results demonstrated that Cas9-gRNA delivered as RNP complex has a significant 
advantage over DNA vector delivery by promoting high mutation frequencies in a 
more precise manner also in maize, as already observed for other organisms and 
plant species [57, 58]. 

Although involving genes and loci of agronomic interest, many of the initial 
works using CRISPR/Cas9 were proof-of-principle studies to test genome editing 
different strategies and efficiency for applications in precision breeding. For an effi- 
cient targeted genome editing in maize, the promoters for driving both Cas9 and 
sgRNA expression were proven to be an essential factor. In early works, the maize 
ubiquitin gene promoter was used in construct containing a maize codon optimized 
Cas9. In the same experiments the rice U3 or wheat U3 promoters were used for 
driving sgRNAs [50, 51]. Different promoter combinations, such as maize ubiqui- 
tinl and U6 promoters, CaMV35S and maize U3, and maize ubiquitin! gene pro- 
moter and two rice U6 promoters, were utilized for Cas9 and sgRNAs in other 
studies [53, 55, 59] providing additional evidence that the optimization of the pro- 
moters used for the CRISPR/Cas9 system is an essential step for efficient targeted 
genome editing procedures. Furthermore, the mutation efficiency of CRISPR/Cas9 
system appeared largely depending upon both the expressions of Cas9 and sgRNAs. 
Feng and colleagues observed that when the 35S promoter was used for driving the 
expression of a human codon optimized Cas9 a low mutation rate was obtained and 
most of the regenerated TO plants were mosaic [59]. For increasing the mutation 
efficiency and concomitantly avoiding mosaicism, in a subsequent work they used 
the promoter of dmcl gene. DMC1 was thought to be expressed specifically in 
meiocytes and was used for expressing the Cas9, combined with the U3 promoter 
for driving the sgRNA expression. The authors reasoned that utilizing these con- 
structs gametes could be mutated, and T1 homozygous or bi-allelic mutants could 
have been recovered at high frequency at the three loci selected for targeting in the 
maize genome. However, during their transformation experiments, they realized 
that the dmc! promoter could drive the Cas9 to be highly expressed also in maize 
callus. This observation was confirmed by expression analysis of the endogenous 
dmcl gene in different maize tissues including callus. The dmc! gene was found to 
have the highest expression level in tassel but was also highly expressed in callus. 
Using this transformation approach, the TO plants regenerated were highly effi- 
ciently edited at the target sites with homozygous or bi-allelic mutants accounting 
for about 66%; mutations could be stably transmitted to the T1 generation, while no 
off-target mutations could be detected in the predicted loci with sequence similarity 
to the targeted site [60]. 
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After having established the CRISPR/Cas9 technology platform and confirmed 
its efficiency for single and multiple GT in maize, subsequent studies focused on 
exploitation of targeted editing for hybrid-breeding technique improvement. In 
maize, male-sterile maternal lines are an essential prerequisite for generating high- 
quality commercial hybrid varieties. ZmTMS5 gene controls a thermosensitive 
male-sterility trait in maize and is the orthologue of the previously characterized 
and edited TMSS5 rice gene [61]. The targeted knockout of the ZmTMS5 gene using 
immature Hi-II embryos transformation by particle bombardment for delivering 
CRISPR/Cas9 elements, produced T1 tms5 mutant plants, male-sterile at 32 °C, but 
male-fertile at 24 °C. T1 plants were Cas9-free through segregation and carried only 
the desired tms5 mutation. They provide a useful germplasm that can potentially be 
used to simplify hybrid maize seed production [62]. 

A potential application of the genome-editing technology concerns the reduction 
of so-called linkage drag during back-cross breeding. Direct genome-editing tech- 
nology provides the opportunity of stacking favorable genes without introgression 
breeding. An experimental proof-of-concept to validate this strategy was provided 
by the work of Li and coworkers [63]. They established an RNA-guided endonucle- 
ase (RGEN) system as an in vivo desired-target mutator (DTM) in maize, to reduce 
the linkage drag during breeding procedure, using the LIGULELESS1 (LG1) locus 
as target. The RNA-guided Cas9 system showed 51.5—91.2% mutation frequency in 
TO transgenic plants. The T1 plants stably expressing DTM were crossed with six 
diverse recipient maize lines producing 11.79-28.71% of mutants. Furthermore, the 
analysis of F2 plants showed that the mutations induced by the DTM effect were 
heritable. The results were confirmed by the phenotypical characterization of the 
mutant plants in the field [63]. 

A further major technical limitation of utilizing gene targeting technologies 
resides on the recalcitrant nature of most elite maize inbred lines for genetic trans- 
formation. To facilitate GT techniques, initials functional tests and transformations 
are usually done in maize lines with relatively high transformation efficiencies, such 
as Hi-II and B104. Subsequently, the selected and desired transformation events 
must be introgressed into elite commercial inbred lines, through at least six back- 
crossing for achieving more than 99% background purity, requiring additional work 
and time. 

Doubled haploid (DH) technology based on in vivo haploid induction (HI) is an 
important modern approach for maize breeding. Therefore, there is the need to iden- 
tify candidate genes underlying HI in maize genome for their detailed functional 
characterization. Several genes involved in HI were recently validated through 
CRISPR-Cas9 system [64—66]. 

In 2018 Wang and colleagues reported the validation of a new strategy for the 
development of a haploid-inducer mediated genome editing system (IMGE) for 
accelerating maize breeding. This system uses a maize haploid inducer line carrying 
a CRISPR/Cas9 cassette targeting for a desired agronomic trait to pollinate an elite 
maize inbred line. The pollination can generate genome edited haploid maize plants 
in the elite background. During the process, HI genome is degraded, and no editing 
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tools are present in edited plants [67]. Within two generations homozygous pure DH 
lines improved for the desired trait could be obtained, avoiding repeated crossing 
and backcrossing used in traditional breeding for introgressing a desirable trait into 
elite commercial backgrounds [67]. Similarly, Kelliher and colleagues co-opted the 
aberrant reproductive process of haploid induction (HI) to induce edits in nascent 
seeds in maize and other monocot and dicot species. Their method, named HI-Edit, 
made direct genomic modification of commercial crop varieties possible, and was 
tested in field and sweet corn using a native haploid-inducer line. Also in this case, 
edited haploid plants lack both the haploid-inducer parental DNA and the editing 
machinery and could be used in trait testing and directly integrated into commercial 
variety development [68]. 


5.1 Novel Approaches for Maize Trait Improvement 


Based on experimental proof-of-concept reported above, the application of CRISPR/ 
Cas technology not only allows to modify the agronomic traits of interest through 
the insertion or deletion of single or few nucleotides, but it can also facilitate maize 
breeding by inserting new alleles in the genome without any linkage drag. 
Additionally, precise gene modifications can generate novel allelic variants by 
knock-ins and replacements, thus having great value for crop trait improvement 
Moreover, knock-in can be used to alter multiple elite traits by stacking genes in a 
single variety. CRISPR/Cas- systems are currently being applied for enhancing 
yield, product quality, resistance to diseases and abiotic stress [69]. 

Novel allelic variants for breeding drought-tolerant plants have been generated 
in maize [70]. Starting from the observation that maize transgenic plants constitu- 
tively overexpressing ARGOS8, which is a negative regulator of ethylene 
responses, have reduced ethylene sensitivity and improved grain yield under 
drought stress conditions [70], new variants of ARGOS8 were generated employ- 
ing CRISPR-Cas technology. Precise genomic DNA modification at the ARGOS8 
locus was produced by inserting the native maize GOS2 promoter into the 
5’-untranslated region of the native ARGOS8 gene or was used to replace the 
promoter of ARGOS8. The modified ARGOS8 variants was highly expressed in 
all plant tissues and increased grain yield under flowering stress conditions when 
plants were grown in the field [71]. 

CRISPR-Cas9 can be used for editing of cis-elements, such as in promoters, 
alternatively to the generation of weak alleles by targeting coding regions. The fine- 
tuning of gene expression by editing of cis-regulatory elements can lead to quantita- 
tive trait variation. Weak promoter alleles of CLV3/EMBRYO-SURROUNDING 
REGION (ZmCLE) and ZmFON2-LIKE CLE PROTEIN! (ZmFCP1) were engi- 
neered in maize with the aim to create quantitative variation for yield-related traits 
[72]. For CLE and FCP! promoter mutagenesis, Cas9 with nine sgRNAs targeting 
promoter in accessible chromatin regions in developing ears were designed. Multiple 
maize grain-yield-related traits were successfully increased by using this strategy. 
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In the same work, Liu and colleagues demonstrated in an elegant way that, in addi- 
tion to weak allele promoter editing, exploitation of compensation among paralogs 
can be used for improving maize traits through genome editing [72]. 

The construction of whole-genome-scale mutant libraries is a modern approach 
for both functional genomic studies and pre-breeding improvement. Commonly in 
plants mutant libraries are based on random mutations induced by different muta- 
genesis procedures like irradiation, T-DNA insertions, (EMS), and transposons. In 
all these cases many generations to stabilize loss-of-function mutations are required, 
and additionally the process for determining the relationship between phenotype 
and genotype in all mutants is a long and critical process. 

Liu and co-workers [72] reported the development of a CRISPR/Cas9-based 
editing platform adapted to high-throughput gene targeting in maize. Li and col- 
leagues established a low-cost optimized and quality-controlled pipelines that 
includes the design of guide RNAs (sgRNAs) up to the identification of targeted 
genes and edited sequences. They selected knowledge-driven candidate genes and 
screened a large number of mutants up to T1 or follow-up generations, showing that 
their platform allowed functional gene cloning and validation [63]. 


6 Prospects 


In 2016, company researchers from lowa—based DuPont Pioneer (currently Corteva) 
using the gene-editing tool CRISPR-Cas9, knocked out the endogenous maize waxy 
gene Wx1, which encodes the endosperm’s granule-bound starch synthase respon- 
sible for producing amylose. Engineered maize contains starch composed exclu- 
sively of the branched polysaccharide amylopectin and not amylose. DuPont 
Pioneer expected the CRISPR-edited variety to have improved yields than conven- 
tional waxy maize and to commercialize the improved variety within five years 
[73]. Due to the high costs associated with the deregulation of genetically modified 
commercial maize hybrids only the largest agricultural biotechnology companies 
can afford these costs, with a consequent increasing concentration of maize seed 
providers [35]. It has been suggested that this scenario could be modified by both 
the benefits of a wider application of gene-editing technologies and reduced regula- 
tory oversight of CRISPR-derived varieties in comparison to transgenic GM breed- 
ing technologies [74]. 

Using maize as a model species and CRISPR/Cas9 technology, a very recent 
interesting European initiative has developed a pipeline called BREEDIT to gener- 
ate a collection of multiplex gene-edited plants [75]. BREEDIT combines multiplex 
genome editing of whole gene families with crossing schemes to improve maize 
quantitative traits. The researchers were able to knock out 48 growth-related maize 
genes and produced a collection of over 1000 gene-edited plants which displayed 
5-10% increases in leaf length and up to 20% increases in leaf width compared with 
the controls. BREEDIT has the potential to generate diverse collections of mutants 
for the identification of allelic variants for use in breeding programs. 
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The tremendous advances in both basic plant research and crop breeding brought 
about by CRISPR/Cas systems from first applications to nowadays has made 
genome editing a powerful tool for precise maize improvement through multiple 
approaches, comprising point mutation, gene knock-out -in, allele replacement, 
fine-tuning of gene expression, and other modifications at any potential genome 
locus. It is expected that in the next years novel strategies will be designed to 
improve the specificity of Cas9-linked base editors, such as extending sgRNA guide 
sequences, and delivering base editors via RNP in many crops and in maize as well 
[58, 69]. 

Although many CRISPR-Cas-edited genes have been documented to improve 
maize traits of agronomic interest, only a few lines have been tested in field trials, 
with only CRISPR-waxy maize hybrids having had a limited diffusion in United 
States [76]. Thus, much additional work for determining potential breeding values 
of edited maize lines must be done in terms of field tests. For an efficient transfer of 
technologies from the bench to the field there is still the need to elucidate the genetic 
and regulatory architecture of important traits as well as to increase the efficiency of 
all steps of gene targeting and subsequent plant regeneration procedures. Finally, 
the integration of CRISPR-Cas technology in the breeding of new maize varieties 
also depends on existing and future regulatory policies that will be adopted 
worldwide. 
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Chapter 12 A 
Using Gene Editing Strategies for Wheat s 
Improvement 


Domenica Nigro, Mark A. Smedley, Francesco Camerlengo, 
and Sadiye Hayta 


Abstract Despite wheat's global importance, it has trailed behind the other major 
cereals regarding genomic tools and resources as well as gene transformation. As 
each gene usually exists as two copies in the tetraploid durum wheat or as three in 
hexaploid bread wheat, it is very difficult assess gene function and improve impor- 
tant agronomic traits in polyploid wheat with traditional breeding methods. Recent 
advances allow researchers to use gene editing technologies in wheat which facili- 
tates the opportunity to knockout or modify one, two or all three gene homoeologs 
simultaneously, which is important to clarify the function and contribution of gene 
copies in a specific phenotype or trait. CRISPR-Cas technology is now being used 
routinely for gene knockout. Technological advancement has been rapid within the 
field, and recently more advance and precise methods have been deployed such as 
cytidine base editing, adenosine base editing, and prime editing in wheat. Here we 
summarised gene editing strategies that are presently being applied for wheat 
improvement. 


1 Introduction 


Modern domesticated wheats are derivatives from ancient hybridisation events 
between ancestral progenitor species. The two most extensively cultivated wheats 
are the tetraploid durum or pasta wheat (Triticum turgidum ssp. durum L.) and hexa- 
ploid bread wheat (Triticum aestivum L.) Matsuoka and Nasuda [1]. Bread wheat is 
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the major cultivated wheat species, while durum wheat accounts for about 5% of the 
total wheat production [2]. Both species have large genomes, durum —12 and hexa- 
ploidy —16 Gbp consisting mostly of repetitive elements. Within these polyploid 
species each gene usually exists as two copies in the tetraploid durum wheat or as 
three in hexaploid bread wheat. Homoeologous gene copies are usually highly con- 
served in gene structure and sequence among the subgenomes >95% [3]. Due to the 
polyploid nature of wheat, functional redundancy between homoeologs often occurs 
[4]. The traits controlled by recessive genes are particularly difficult to observe due 
to their multiple homeologs. This means that it may be necessary to manipulate all 
homoeologs and paralogs simultaneously to measure a phenotypic effect and this is 
very difficult to do it with traditional breeding methods [3]. A very low probability 
exists of the simultaneous mutation of genes in the A, B, and D genomes by natural 
processes or induced mutagenesis. Gene editing approaches gives the opportunity to 
knockout one, two or all three of the homoeologs of a gene, which is important to 
clarify the function and contribution of each homoeolog to a specific phenotype 
or trait. 

Unrivalled in its geographic range of cultivation, wheat accounts for ~20% of the 
calorific value and ~25% of the daily protein intake of the world’s population [5, 6]. 
In the 2020/2021 cropping season, over 770 million tons of wheat grain was har- 
vested from over 220 million ha of arable land [7]. One of the three major cereal 
crops, along with maize (Zea mays) and rice (Oryza sativa), wheat has more influ- 
ence on global food security than any other crop [5, 8]. Notwithstanding wheat’s 
global importance, however, it has, until recently, trailed behind the other major 
cereals in regard to the development of genomic tools and resources for its improve- 
ment [2, 3]. One such tool is wheat transformation, a prerequisite for many CRISPR- 
Cas gene editing applications, which until lately had been languishing with low 
transformation efficiency ~5% and suffered with genotype dependence. 
Developments in open access robust transformation protocols and the use of mor- 
phological genes to improve regeneration, transformation efficiency and reduce 
genotype dependence have recently made outstanding improvements [9-11]. 

High quality DNA reference sequences of target genes are required for CRISPR 
gene editing, recent advances in sequencing technologies and bioinformatic tools 
have expediated wheat gene editing studies. Researchers are able to target multiple 
homoeoalleles simultaneously by CRISPR-Cas which enables the production of tar- 
geted mutations in all copies of a gene; therefore, the system holds great promise in 
the characterisation of genes endowing important agronomic traits in polyploid 
wheat. Furthermore, gene editing has been used to modify multiple genes simulta- 
neously controlling different agronomic traits [12]. 

In wheat, CRISPR-Cas is being used for yield enhancement, improvement of 
grain quality, biofortification, development of resistance against diseases, and toler- 
ance against abiotic factors (Table 12.1). The promising outcomes of the CRISPR- 
based multiplexing approach circumvent the constraint of targeting merely one 
gene at a time. Moreover, deployment of CRISPR-Cas variant systems such as cyti- 
dine base editing, adenosine base editing, and prime editing in wheat has been used 
to induce precise point mutations. The combination of these novel technologies 
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Table 12.1 Some agronomic traits improved by CRISPR/Cas in wheat 
Editing Transformation 
Target gene | Trait/Gene function type method Variety References 
TaLOX2 Expressed during Knockout | Particle Bobwhite [13] 
grain development bombardment | Kenong 199 
Alpha-gliadin | Gluten protein Knockout | Particle BW208 and | [14] 
gene bombardment | THAS3, Don 
Pedro 
TaGW2 Negative regulators of | Knockout | Particle Bobwhite [15, 16] 
grain size and bombardment | Kenong 199 
thousand grain weight 
TaGWw7 Affects grain shape Knockout | Particle Bobwhite [17] 
and weight bombardment 
TaSPL Affects grain size and | Knockout | Particle Fielder [18] 
number bombardment 
TaARE] Defective in N Knockout | Particle Zhengmai [19] 
assimilation bombardment |7698 
TaALS A key enzyme in the | Knockout | Particle Kenong 199 | [20] 
biosynthesis of bombardment | Kenong 9204 
branched-chain amino 
acids and is known as 
an ideal herbicide 
tolerance 
TaZip4-B2 Supress the level of Knockout | A. tumefaciens | Fielder [21,22] 
homoeologous Kronos 
crossing over 
TaCENH3a | Paternal haploid Knockout | Particle Fielder [23] 
induction bombardment 
Zygotic centromere 
Jormation 
TaSBElIla Increased amylose, Knockout Particle Zhengmai [24] 
resistant starch bombardment | 7698 (ZM) 
and a spring 
wheat cv 
Bobwhite 
TaASN2 Asparagine synthase | Knockout | Particle Cadenza [25] 
gene bombardment 
WTAI-CM3 Involved in the onset | Multiple | Particle Svevo [26] 
and of wheat allergies knockout | bombardment 
WTAI-CM16_| (bakers’ asthma) and 
probably Non-Coeliac 
Wheat Sensitivity 
(NCWS) 
TaXip Controlling the Knockout | A. tumefaciens | Fielder [27] 


protein fractions, 
grain protein content, 
starch synthase, grain 
hardness, etc 


(continued) 
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Table 12.1 (continued) 


Editing Transformation 
Target gene | Trait/Gene function type method Variety References 
TaMLO Durable and Knockout | Particle Bobwhite (28, 29] 
broad-spectrum (RNP) bombardment | Kenong 199 
resistance to powdery | Knockout 
mildew 
TaEDRI Negatively regulates | Knockout | Particle Kenong 199 | [30] 
powdery mildew bombardment 
resistance in wheat 
TaNFXL1 Represses Knockout | Particle Fielder [31] 
trichothecene-induced bombardment? 
defence responses and 
bacterial resistance 
TaHRC Encodes a nuclear Knockout | Particle Bobwhite [32] 
protein conferring bombardment 
FHB susceptibility 
TaNFXL1 Represses Knockout | Particle Fielder [31] 
trichothecene-induced bombardment 
defence responses and 
bacterial resistance 
TaDREB2, Stress-responsive Knockout | Protoplast Chinese [33] 
TaDREB2 transcription factor spring 
genes 


addresses some of the most important limiting factors for sustainable and climate- 
smart wheat that should lead to the second “Green Revolution” for global food 
security. 

Here we summarised advanced gene-editing tools to facilitate sustainable wheat 
production and use of these tools for the improvement of genetic traits related to the 
agronomic performance. 


2 CRISPR-Cas Gene Editing 


During the last two decades, there has been rapid development of genome-editing 
strategies that make it possible to directly target regions of genes ina DNA sequence- 
specific manner. Site-directed nucleases (SDNs)-based gene editing technologies 
considerably enhance the precision of gene modification in plants [34]. This set of 
tools, comprising zinc finger nucleases (ZFNs), transcription-activator-like effector 
nucleases (TALENs), and clustered regulatory interspaced short palindromic repeats 
associated protein (CRISPR-Cas) [35, 36], allow to repress or activate gene expres- 
sion, modification of gene function, or create gene knockouts, mediating the tar- 
geted manipulation of DNA sequences [37]. Gene editing involves the introduction 
of targeted DNA double-strand breaks (DSBs) at the specific targeted site within a 
gene by using an engineered nuclease, which induces cellular DNA repair 


12 Using Gene Editing Strategies for Wheat Improvement 187 


mechanisms. Once a DSB is induced repair pathways, such as, the non-homologous 
end-joining (NHEJ) mechanism or homologous recombination (HR) pathway can 
repair the induced DSBs introducing simultaneously the desired modifications at 
the target locus [38]. Due to its easiness, accuracy and effectiveness, along with its 
ability to produce transgene-free, gene edited crops, CRISPR-Cas rapidly diffused 
as the most used site-directed nucleases (SDNs)-based gene editing technology. The 
CRISPR-Cas system is usually introduced into plants as transgenes, however, in the 
following generation the transgene can be segregated away, leaving a transgene-free 
plant containing the desired mutations. Zhang et al. [13] developed a highly effi- 
cient transient expression-based gene-editing system for producing transgene-free 
and homozygous wheat mutants in the TO generation. Liang et al. [40] reported an 
efficient gene edited method to produce transgene-free plants by CRISPR/Cas9 
ribonucleoproteins (RNPs) in wheat [30, 39, 40]. 

In nature, CRISPR-Cas exists as a microbial adaptive immune system that uses 
RNA-guided nucleases to cleave foreign genetic elements such as bacterial phage. 
Biotechnologists have harnessed and modified this system to enable gene editing 
applications in multiple species, including plants. There are over 30 different 
CRISPR-Cas systems naturally occurring that have been reported [41], however, the 
majority of gene editing applications are performed by CRISPR-Cas9 based sys- 
tems, followed closely by CRISPR-Cas12a, previously known as CpfI. The Cas9 
nuclease was first thought to make a blunt DSB of DNA, three base pairs upstream 
of the PAM, however, evidence strongly suggests that Cas9 leaves a single nucleo- 
tide 5’ overhang [42]. Cas12a on the other hand leaves 5 bp staggered overhang at 
the opposite end of the PAM motif making it more favoured for applications such as 
gene targeting [43] or recently reported disruption of cis-regulatory elements within 
promoter regions [44]. 

Since the first report of CRISPR-Cas technology being used for gene editing, 
technological advancement has been rapid within the field. There are experimen- 
tally derived protocols for the selection of sgRNA targets, construct assembly, and 
screening analysis for genome editing in hexaploid wheat such as Smedley et al. 
[45]. Although, the majority of reports are for gene knockout, researchers are now 
able to perform targeted base changes through base editing, rewrite small length of 
DNA using prime editing, insertion of DNA via gene targeting, upregulation or sup- 
pression of gene expression as well as multi-gene knockouts. 


3 Multiplex Gene Editing 


CRISPR-Cas based gene editing technologies enable the easy modification of two 
or more specific DNA loci in a genome with high precision. These tools have greatly 
increased the feasibility of introducing desired changes in specific but different 
genes, resulting in the development of new plant genotypes carrying multiple muta- 
tions in a single generation. There are three main strategies to produce multiple 
single-guide RNAs (sgRNAs), the conventional multiplex system with separate U3 
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or U6 promoters driving individual sgRNAs, the tRNA-processing system [46] and 
the ribozyme-processing system [47]. The polycistronic tRNA-sgRNA system con- 
sists of the sgRNAs linked together by tRNA sequences, the guides are transcribed 
in a single transcript. The tRNA sequences are then recognized and processed by 
endogenous RNases that excise the individual sgRNAs from the transcript [46]. The 
ribozyme system consists of a single transcript of multiple sgRNA, where individ- 
ual sgRNAs are flanked by self-cleaving ribozyme sequences such as the hammer- 
head ribozyme (HH) and the hepatitis delta virus (HDV) ribozyme, [47, 48]. 
Transcripts are cleaved by the cis-acting ribozymes post-transcriptionally. Wang 
et al. [49] deployed a multiplexing gene editing approach based on the tRNA system 
in wheat to target TaGW2, TaLpx-1, and TaMLO genes, simultaneously. A similar 
tRNA approach was used in durum wheat cultivar Svevo by Camerlengo et al. [26] 
to edit the a-amylase/trypsin inhibitor subunits WTAI-CM3 and WTAI-CM16 in 
the grain to reduce allergen proteins. Abdallah et al. [50] created TaSalJ mutants 
using this multiplex system to address drought tolerance in wheat. The three main 
multiplex CRISPR-Cas systems for simultaneous gene editing at 8 target sites in 
bread wheat were tested by Li et al. [51]. The ribozyme and tRNA systems were 
found to be more effective at gene editing than the conventional multiplex system 
with individual promoter driving individual guides [51]. 


4 Base Editing 


Base editing enables the generation of targeted point mutations without DSBs, DNA 
donor templates, or the reliance of the homologous repair (HR) pathway [52, 53]. 
Base editors consist of a DNA deaminase fused to a catalytically impaired Cas 
nuclease such as deactivated Cas9 (dCas9) or a Cas9 nickase (nCas9). The Cas- 
deaminase fusion is guided to the target site by the guide RNA, where a single 
stranded DNA R-loop is formed allowing access for the DNA deaminase [54]. 
Where the deaminase is fused to SpCas9 variants, the ‘activity window’ for base 
editing spans approximately protospacer positions 4-8 (position 1 being the first 
nucleotide of the protospacer, the PAM being at positions 21—23). There are two 
main classes of base editors which have been developed so far: cytosine base editors 
(CBEs), which catalyse the conversion of C/G base pairs to T/A base pairs; and 
adenine base editors (ABEs), which catalyse A/T-to-G/C conversions [52, 53]. 
Therefore, CBEs and ABEs can facilitate four possible transition mutations (C — T, 
A > G, T > C, G > A). Improvements in base editor efficiency such as the inclu- 
sion of uracil glycosylase inhibitor proteins (UGI) typically CBEs such as BE3 [53] 
and optimisation of linker sequences Komor et al. [55] have substantially increased 
base editing yield, extensively reviewed in Anzalone et al. [54]. Zong et al. [56] used 
a CBE in both protoplasts and regenerated rice, wheat, and maize plants at frequen- 
cies of up to 43.48 in rice%. Li et al. [57], from same research group, described 
optimisation of an ABE for application in plant systems, demonstrating its high 
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efficiency in creating targeted point mutations at multiple endogenous loci in rice 
and wheat. Han et al. [58] compared two ABEs, ABE7.1 and the new ABE8e con- 
taining a high-activity adenosine deaminase TadA8e, both were codon optimised for 
wheat. To aid nuclear localisation Bipartite-SV40-Nuclear-Localization-Signals 
(bpNLS) were added at the N-terminus of TadA* and also a bpNLS followed by a 
nucleoplasmin NLS (npNLS) at the C-terminus of SpCas9n. Calling them wheat 
high-efficiency ABEs (WhieABE7.1 and WhieABE8e), it was found in the study 
that WhieABE8e out performed WhieABE7.1 when targeting 5 wheat tubulin 
alleles. 


5 Prime Editing 


Prime-editing technology enables targeted insertions, deletions and all 12 types of 
point mutation without requiring double-strand breaks or donor DNA templates. It 
expands the scope and capabilities of directly targeting and modifying genomic 
sequences. Prime editing is achieved by the Moloney Murine Leukemia Virus 
Reverse Transcriptase (M-MLV RT) fused to the C-terminus of Cas9 H840A nick- 
ase (nCas9) together with engineered prime editing guide RNA (pegRNA). Primer 
Editors (PEs) directly copy the desired genetic information from the pegRNA into 
the target genomic locus [59]. The pegRNA contains two parts: a primer binding 
site (PBS) and an RT template (RTT) and guides the nickase to the target site by 
homology to a genomic DNA locus. nCas9 recognizes and nicks the nontarget DNA 
strand of the target site and releases a single-strand DNA, and the PBS then hybri- 
dises with the released DNA and serves as a primer for reverse transcription. The 
desired edits encoded by the RTT are then reverse transcribed and transferred to the 
nontarget DNA strand, generating a DNA flap that is subsequently incorporated into 
the target site by DNA repair [60]. 

Initially, PE1, PE2, PE3 and PE3b were characterized by Anzalone et al. [54] 
who developed the technology in mammalian cells. PE! is a fusion of Cas9 nickase 
to the wild-type M-MLV RT. PE2 substitutes for the wild-type M-MLV RT an engi- 
neered pentamutant M-MLV RT. PE3 combines the PE2 fusion protein and pegRNA 
with an additional sgRNA that targets the non-edited strand for nicking. A variant of 
the PE3 system called PE3b uses a nicking sgRNA that targets only the edited 
sequence, resulting in decreased levels of indel products by preventing nicking of 
the non-edited DNA strand until the other strand has been converted to the edited 
sequence [54]. 

Lin et al. [61] compared PE2, PE3, and PE3b in wheat protoplasts and rice, they 
produced a wide variety of edits at genomic sites in rice and wheat. Prime-edited 
efficiencies up to 21.8% were reported for regenerated rice plants [61]. An 
N-terminal RT—Cas9 nickase fusion PE and multiple synonymous nucleotide sub- 
stitutions introduced into the RT template increased the average efficiency of prime 
editing in rice to 24.3% Xu et al. [59]. An engineered plant prime editor (ePPE) was 
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developed by removing the ribonuclease H domain from M-MLV RT and incorpo- 
rating a viral nucleocapsid protein with nucleic acid chaperone activity. This 
enhanced the frequency of various targeted modifications, including base substitu- 
tions, insertions (34 bp) and deletions (90 bp) by an average of 5.8-fold in rice and 
wheat protoplast compared to PE2 [62]. An online design tool (PlantPegDesigner) 
was developed for designing efficient strategies for PE in plants, including dual- 
pegRNA designs [60]. The pegRNA primer-binding site length, RT template length 
and nicking sgRNA position effects editing frequencies in plants [60, 61]. 


6 Other Strategies 


Strategies have been developed to deliver CRISPR system components into plant 
germline or meristematic cells that achieves genotype-independent editing. Plant 
RNA virus-based vector systems can deliver gene editing reagents into plant leaves. 
Based on this approach an engineered Barley stripe mosaic virus—based sgRNA 
delivery vector (BSMV-sg) was used by Li et al. [63] to perform heritable gene edit- 
ing in Cas9 expressing transgenic wheat plants. The progeny in the next generation 
had editing at frequencies ranging from 12.9% to 100% in three different wheat 
varieties, and 53.8—100% of edited plants were virus free. The group achieved mul- 
tiplex editing in the progeny using a pool of BSMV-sg vectors harbouring different 
sgRNAs and were able to generate Cas9-free wheat mutants by crossing BSMV- 
infected Cas9-transgenic wheat pollen with wild-type wheat. 

Other delivery methods were developed in wheat. Nanomaterials have emerged 
as a promising candidate for delivery of genetic cargoes to intact plant cells. 
Functionalised high-aspect-ratio carbon nanotube (CNT) nanoparticles (NPs) have 
been successfully used in wheat leaves for efficient DNA delivery [64]. The use of 
nanomaterials for GE studies has yet to be reported. 

Liu et al. [65] developed an in planta particle bombardment (iPB) method which 
has increased process efficiency since no culture steps are required to create stably 
genome-edited wheat plants. The biolistic delivery of gold particles coated with 
plasmids expressing CRISPR-Cas9 components designed to target TaQsdI were 
bombarded into the embryos of imbibed seeds with their shoot apical meristem 
(SAM) exposed. A total of 2.51% of the bombarded plants (cv. “Haruyokoi,” spring 
type) carried mutant alleles in the tissue. The method utilised transient expression 
of CRISPR-Cas and no detectable transgene integration was identified. Kumagai 
et al. [66] reported an iPB-ribonucleoprotein (RNP) method which represents an 
alternative approach for creating genome-edited wheat varieties with an editing effi- 
ciency comparable to the iPB-DNA method. Since no DNA is used, and therefore 
no transgene integration occurs, the iPB-RNP method has the potential for use in 
modern agricultural applications and commercialisation. 
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Fig. 12.1 Pathway for the improvement of genetic traits in wheat by gene-editing and conven- 
tional plant breeding 


7 Recent Applications of Gene Editing in Wheat 


Since the domestication of cereal crops, farmers selected plants with favorable agro- 
nomic traits that led to increased crop yield and performance. The introduction of 
semi-dwarf varieties and agrochemicals, starting from the second half of the last 
century, led to a leap forward in determining substantial increases in grain yield. In 
the modern agrifood context, crop yield remains one of the major traits to be 
improved to meet growing demands for food production and climate change effects. 
More recently, breeders and scientists also focused on the quality values of wheat 
grains to improve technological end-use quality of wheat flour and the nutritional 
value of derived foods in addition to the aim to produce safer genotypes with 
reduced toxic, immunogenic and antinutritional compounds. 

To date, gene-editing tools have been demonstrated to extensively contribute to 
the study and improvement of genetic traits related to the agronomic performance 
and end-use quality of wheat, decreasing the time for the generation of new geno- 
types harboring precise mutations that can enhance grain yield and quality 
(Fig. 12.1). 


8 Gene Editing for Grain Quality Improvement 


Grain quality refers to the technological behavior of flours and doughs obtained 
from wheat as well as to internal quality factors such as nutrients and bioactive 
compounds. In recent years aspects related to nutritional and healthy values have 
gained more prominence since several disorders have been associated with wheat 
derived food consumption. In this respect, gene editing tools provide the ability to 
fine regulate the chemical composition of wheat kernels modulating biosynthetic 
pathways of major components such as protein, starch and lipids as well as offer the 
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opportunity to produce wheat with improved nutritional value, in which minor com- 
ponents play a predominant role. 

Starch modifications in wheat were widely explored in the last two decades lead- 
ing to wheat genotypes with diverse amylose/amylopectin ratio that influence not 
only the rheological behavior of doughs but also the nutritional value of derived 
foods. In general, starch contains two major glucose polymers, amylose and amylo- 
pectin, which differ in the degree of polymerization (DP) of glucan chains and in the 
frequency of branches. In wheat endosperm, starch consists of approximately 
70-80% amylopectin and 20-30% amylose. Increasing the amount of amylose at 
the expense of amylopectin, the fraction of starch not digested and absorbed in the 
gastrointestinal trait (referred to as resistant starch) can be enhanced with a conse- 
quent beneficial effect on human health, correlated to blood glycemic index after 
wheat derived food consumption. Li et al. [24], using CRISPR-Cas9 in bread wheat, 
generated a series of transgene-free mutant lines with partial or triple-null TaSBElIla 
alleles, an isoform of starch-branching enzymes. The triple-null lines (aabbdd) 
showed significantly increased amylose content, resulting in higher content of resis- 
tant starch, protein and soluble pentosan whereas a slight decrease of total starch 
was observed. On the other hand, they observed a series of pleiotropic effects related 
to plant growth and grain morphology traits besides negative effects on baking qual- 
ities of derived flours. Decreased plant height and tiller number, lower grain length, 
width and lower grain number associated with reduced thousand grain weight were 
observed in mutant lines compared to the control. In addition, the decrease in amy- 
lopectin content, generally recognized to be related to good end-use quality, strongly 
influenced the viscosity parameters and negatively affected the rheological propri- 
eties of doughs. 

Dough stability time (ST) and SDS-sedimentation values (SV) are two of the 
major quality parameters used to determines the final quality of bread wheat flours. 
These two parameters are mostly influenced by protein content and composition 
and are positively correlated to dough rheological properties. Sun et al. [27] reported 
for the first time the effect of proteinaceous inhibitors of endo-xylanases. In particu- 
lar, they found a QTL for dough stability time and SDS-sedimentation value on 
chromosome 6A (QSt/Sv-6A-285/) and identified the xylanase inhibitory protein 
(TaXip) gene as the principal genetic component of the QTL producing variation in 
the above-mentioned parameters. They validated all the three homeoalleles 
(TaXip-6A, TaXip-6B, and TaXip-6D) producing CRISPR-Cas9 knock-outs, albeit 
they produced only two mutant genotypes (aaBBDD and AAbbdd). The SDS- 
sedimentation value was significantly higher in both mutant lines compared to the 
control whereas the stability time value was significantly higher only for aaBBDD 
genotype compared to the control. Based on these results and on the observation of 
homoeologous gene expression in the grain at the later stage of grain development, 
the authors claim that TaXip-6A has a greater effect on quality parameters compared 
to TaXip-6B and TaXip-6D. 

Zhang et al. [15] observed an increase in the SDS sedimentation volume of bread 
wheat lines in which they edited TaGW2 homoeologous genes. Grain protein 


12 Using Gene Editing Strategies for Wheat Improvement 193 


content and flour protein content resulted considerably elevated in all the mutant 
lines, particularly in AAbbDD and AAbbdd genotypes. Glutenins and gliadins were 
also increased. Otherwise, they observed that the grains of double and triple mutants 
were morphologically wrinkled compared to the control plants and single mutants. 

Grain quality defects such as late maturity amylase (LMA) and pre-harvest 
sprouting (PHS) are correlated with low Hagberg falling number (FN), which is 
considered an indicator of the amount of sprout damage caused by enzyme activity 
(a-amylase) producing the decrease of dough viscosity. PHS determines the germi- 
nation of grains while they are still on the spike causing significant decrease of grain 
quality. Abe et al. [67] produced loss-of function mutations of TaQsd1 gene that 
controls seed dormancy in wheat and barley resulting in longer seed dormancy. 
They generated all triple homozygous transgene-free genotypes (AABBDD, 
aaBBDD, AAbbDD, AABBdd, aabbDD, aaBBdd, AAbbdd, and aabbdd) but only 
the triple mutant (aabbdd) showed significantly different germination rates and 
reduced PHS. 

The consumption of wheat derived foods is associated to the increasing inci- 
dence of wheat related pathologies such as Coeliac Disease (CD), allergies and 
Non-Coeliac Wheat Sensitivity (NCWS) but also food processing of wheat flour 
can lead to the formation of antinutritional and toxic compounds. 

Free asparagine is converted to acrylamide, a carcinogenic contaminant, during 
high-temperature processing of food made from wheat flour. Raffan et al. [25] 
knocked out the asparagine synthase gene, TaASN2, in bread wheat genotypes to 
reduce the concentration of free asparagine in the grain. They observed an almost 
total reduction of free asparagine concentrations in the grain of triple-null mutants 
genotypes (aabbdd). In contrast, an increase in free glutamine, glutamate and aspar- 
tate was found in all the edited lines. Raffan et al. [68] used the low asparagine 
edited lines for the first field trial of genome-edited wheat lines in Europe. 

The main triggering factors of CD are prolamins, glutenins and gliadins that are 
proteins contained in wheat grain endosperm and responsible for the gluten matrix 
formation. Sánchez-León et al. [14] used the CRISPR/Cas9 technology to reduce 
the content of «-gliadins in wheat kernels. Since «-gliadins represent a large protein 
family with high sequence homology among members, they produced multiplex 
editing of gliadins targeting conserved regions among the gene family members. 
Although pleiotropic effects on the other gliadins classes (w- and y-) were observed, 
the mutant lines could be used to produce low-gluten wheat derived foods. 

Other endosperm protein families such as a-amylase/trypsin inhibitors (ATT), 
which are structural and metabolic proteins involved in plant defense mechanisms, 
can trigger the onset of wheat allergies and NCWS. Camerlengo et al. [26] used a 
multiplexing strategy to edit the ATI subunits WTAI-CM3 and WTAI-CM16 in 
durum wheat producing transgene-free wheat lines with a reduced amount of 
ATI. The mutant lines completely lacked target ATI subunits resulting in a decrease 
of their allergenic potential. 
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9 Gene Editing for Grain Yield 


One of the major goals of wheat breeding remains the improvement of yield. It is 
related to both the agronomic performance of crops as well as to environmental 
conditions. The constitution of semi-dwarf wheat varieties along with the introduc- 
tion of chemicals and modern agronomic practice lead to a substantial increase of 
grain yield starting from the second half of last century. 

Nowadays, a second “Green-Revolution” is required to face the global food 
demand due to the rapid increase of world population and to the worsening of cli- 
mate change. 

Grain morphology traits such as grain weight (GW), grain width (GWH) and 
grain length (GL) constitute a breeding target to enhance grain productivity. The 
knock-out of TaGW2 homoeologous genes in two bread wheat cultivars had higher 
GWH and GL values and resulted in increased thousand grain weight (TGW) values 
of mutant lines compared to the control [15, 16]. Mutations in the homoeologous 
TaGW2 genes had dosage-dependent effects on phenotypes in both bread wheat 
cultivar; although each homoeologous gene had different effect in the two geno- 
types, significant changes of TGW were associated with changes in gene dosage 
rather than with specific combination of mutated alleles. 

TaGW7 encodes a TONNEAU 1-recruiting motif (TRM) protein that affects grain 
morphology and weight in wheat and other cereal species. Wang et al. [17] demon- 
strated, by editing ZaGW7 in bread wheat, that mutations in the homoeologous 
genes of the B and D genomes increased the GWH and TGW but reduced the 
GL. They produced single (AABBdd) and double mutants (AAbbdd) with wider 
and shorter grains compared to the control, and TaGW7-D1 seems to contribute at a 
greater extent to the phenotypic effects affecting grain size. Similar to TaGW2, 
TaGW7 had dosage-dependent effects on phenotypes. 

Another important target for improving grain yield is the SQUAMOSA promoter- 
binding protein-like (SPL) genes encoding for transcription factors that regulates a 
plethora of plant developmental and yield-related traits. The SPL family members 
are often negatively regulated by micro-RNA 156/157 (miR156). Gupta et al. [18] 
identified the microRNA 156 recognition elements (MRE) in the 3’-untraslated 
region of the TaSPL13 gene and, using CRISPR-Cas9, they generated mutations in 
the three homoeologous genes in bread wheat. Mutations in MRE led to a higher 
expression of TaSPL13 which produced a decrease in flowering time, tiller number 
and plant height but increased grain size and number. 

To improve grain yield farmers are used to applying nitrogen fertilizers, but this 
type of agriculture practice leads to aggravating environmental pollution and eco- 
logical deterioration. Furthermore, most of the modern wheat varieties show low 
Nitrogen Use Efficiency (NUE) and absorb less than 40% of the supplied nitrogen. 
Zhang et al. [19] isolated and characterized the abnormal cytokinin response1 
repressor] (TaARE1) gene in a Chinese winter wheat cultivar and then used 
CRISPR-Cas9 to generate a series of transgene-free mutant lines either with partial 
or triple-null TaARE1 alleles. Loss of function mutations in this gene result in 


12 Using Gene Editing Strategies for Wheat Improvement 195 


delayed senescence, enhanced NUE and increased grain yield under normal field 
conditions. All the edited lines showed enhanced tolerance to N starvation with the 
AABBdd and aabbDD genotypes exhibiting significantly improved NUE without 
growth penalties compared to the control that results in increased TWG. 

W eed competition is related to yield loss in wheat cultivation. Zhang et al. [20] 
generated transgene-free wheat germplasm by base editing the acetolactate syn- 
thase (ALS) and acetylcoenzyme A carboxylase genes. TaALS is a key enzyme in 
the biosynthesis of branched-chain amino acids and is known as an ideal herbicide 
tolerance target in wheat. Edited wheat lines, harboring different point mutations, 
were evaluated for the tolerance to multiple herbicides; homozygous mutants with 
four or six edited alleles showed enhanced tolerance to herbicides and grew nor- 
mally whereas control plants died in few weeks after herbicide application. This 
strategy could be directly applied to produce wheat varieties tolerant to herbicides 
but also can be exploited as selection marker in wheat transformation and in vitro 
regeneration. 

A number of important agronomic traits have been targeted by gene editing in 
wheat, although obtaining new high-yielding cultivars also resistant to biotic and 
abiotic stresses remains the main objective of most plant breeding programs. In the 
next sections, gene editing system successfully used for gene editing in wheat are 
reported. 


10 Gene Editing for Biotic Stress Resistance 


Pest and disease, among biotic constraints, are estimated to determine 21.5% of cur- 
rent yield losses [69]. Modern agriculture relies on chemical compounds to avoid 
and prevent yield losses due to fungal diseases, but the extensive application of such 
chemicals severely affects both human health and the environment. So far, the 
development of fungus-resistant wheat cultivars has been a noteworthy goal in 
wheat breeding programs. Gene editing in wheat has targeted several genes for 
improvement of resistance against diseases caused by fungi, specifically Blumeria 
graminis and Fusarium graminearum. 

The first successful experiment using the CRISPR-Cas system in wheat was 
reported by Shan et al. [70], who edited the MLO gene, which encodes for the 
MILDEW-RESISTANCE LOCUS (MLO) protein. The authors reported a mutation 
frequency of TaMLO in protoplasts of 28.5%. MLO has a negative resistance func- 
tion, thereby causing susceptibility to powdery mildew in plants expressing this 
gene [71]. Powdery mildew diseases are caused by Blumeria graminis f. sp. tritici 
and result in significant wheat yield losses. As knockout of the TaMLO leads to 
disease resistance, this gene was an ideal target for RNA-guided Cas9 knockouts to 
improve powdery mildew tolerance. The approach was successfully demonstrated 
by Wang et al. [28], who simultaneously targeted the three homoeoalleles of TaMLO 
in hexaploid bread wheat with both CRISPR-Cas9 and TALEN technologies using 
particle bombardment, which resulted in powdery mildew resistant plants. The 
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mutation frequency of regenerated TaMLO-edited wheat (5.6%) was similar for 
both editing methods. 

More recently, Zhang et al. [30] demonstrated an improved powdery mildew 
resistance in wheat by simultaneously modifying the three homoeologous of 
TaEDRI by CRISPR-Cas9 gene editing. The enhanced disease resistance1 (EDRI) 
gene is a negative regulator of resistance to powdery mildew in Arabidopsis Frye et 
al. [72]. The authors targeted a highly conserved region within the coding sequence 
of TaEDR1, obtaining homoeologous stable Taedr] mutations inherited in the T1 
generation with a transmission rate of 97-100%. Taedr/ plants were resistant to 
powdery mildew and did not show mildew-induced cell death. 

Several studies have also been focused on Fusarium gramineaurm resistance, a 
fungus causing one of the most detrimental diseases in wheat. The lipoxygenase 
genes, TaLpx and TaLox, have been found to be good targets for gene editing resis- 
tance to Fusarium. These enzymes play a key role in the jasmonic acid-mediated 
defense responses in plants by catalyzing the hydrolysis of polyunsaturated fatty 
acids and then activating oxylipins biosynthesis. Nalam et al. [73] found that 
TaLpx-I gene silencing resulted in resistance to Fusarium graminearum in wheat. 
Shan et al. [16, 70] respectively edited TaLpx and TaLox genes in protoplasts, detect- 
ing a mutation frequency of 9% and 45%. Further studies by Zhang et al. [13] 
allowed to obtain wheat plants with mutated TaLOX with a frequency of 9.5%, of 
which homozygous mutants accounted for 44.7%. 

Fusarium head blight (FHB) resistance was also investigated by targeting three 
wheat genes including an ABC transporter (TaABCC6), the nuclear transcription 
factor X box-binding like1 (TaNFXLI) both associated with FHB susceptibility, and 
a gene encoding a nonspecific lipid transfer protein (nsLTP), TansLTP9.4, which 
correlates with FHB resistance. PCR amplicons from protoplasts transformed with 
editing constructs were sequenced, showing that the three genes had been success- 
fully edited with efficiencies of up to 42.2% [74]. Another target for Fusarium resis- 
tance was reported by Su et al. [32], who identified HISTIDINE RICH 
CALCIUM-BINDING PROTEIN (7aHRC) as a quantitative trait locus (QTL) 
responsible for resistance to Fusarium head blight. By cloning and sequencing a 
candidate gene they found a single deletion on the B genome homeolog, which was 
sufficient to determine resistance to Fusarium head blight. This result was con- 
firmed by CRISPR-Cas9 approach targeting the TaHRC homeolog from the B sub- 
genome, which caused frameshift mutations resulting in more than 40% reduction 
in fusarium head blight disease in wheat. This study showed that it is not always 
necessarily to knocked out all three homeologs in wheat, and in some cases the 
inactivation of one single homeolog is enough to successfully induce disease 
resistance. 

More recently, Brauer et al. [31] followed a different approach to generate 
mutants resistant to Fusarium head blight. They focused on the NUCLEAR 
TRANSCRIPTION FACTOR, X-BOX BINDING 1-LIKE (NFXL1), a transcrip- 
tion factor used by Fusarium to repress defense responses upon infection, which is 
present as two copies on each of the wheat subgenomes. The authors showed that 
NFXL1 downregulation via RNAi in barley confers partial resistance upon 
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infection. Wheat NFXL1 knockout mutants with edits in all six homoeologous in 
the T1 generation were then obtained by designing sgRNA pair targeting all six loci 
simultaneously (one homeolog remained in heterozygous state), thus showing an 
increased Fusarium head blight resistance, similarly to that obtained through RNAi. 


11 Gene Editing for Abiotic Stress Resistance 


Using CRISPR-Cas to design resilience to abiotic stress in an era of global warming 
and extreme weather events is a justifiable aim. Abiotic stresses such as drought, 
extreme temperatures and salinity affect plant growth, survival, reproducibility and 
production, furthermore, it was shown that abiotic stresses modulate epigenetic 
changes in plants [75]. 

Genome engineering represent an effective approach to increase plant growth in 
response to abiotic stress in wheat, especially considering that abiotic stress- 
associated genes involved in cellular and molecular responses can easily be targeted 
with the available gene editing tools. So far, only few studies have shown the appli- 
cation of gene editing to improve abiotic stress response. CRISPR-Cas9 gene edit- 
ing was successfully used in transient transformation in wheat protoplast. Two 
important abiotic stress-responsive transcription factor genes were targeted: 
TaDREB2, (wheat dehydration responsive element binding protein 2) and TaERF3, 
a wheat ethylene responsive factor 3 [33]. The results suggested that CRISPR-Cas 
gene editing has huge potential for manipulation of wheat genome to improve stress 
tolerance and obtain better crop performances, despite the challenging ploidy level 
of wheat. Abdallah et al. [50] used a multiplex gene editing approach to knockout 
the five active homologous gene copies of TaSall in wheat variety Giza 168. In the 
primary transgenic plants 34% showed editing, these edits were heritable, and, in 
the progeny, five lines were identified with all five copies of TaSal/ edited. Young 
leaves of edited TaSall lines showed closed stomata, increased stomata width and 
increase in the size of the bulliform cells. TaSall edited seedlings germinated and 
grew better on media containing polyethylene glycol than wildtype seedlings [50]. 

Further research and breeding programs will still be necessary to better elucidate 
the genetic and physiological bases of metabolic and signaling pathways of stress 
tolerance mechanisms. The identification of gene regulatory networks involved in 
stress responses and their targeting by gene editing tools will allow the development 
of new stress tolerant and high yielding varieties. 


12 Summary 


Recent advances in the production of high-quality genome sequences and efficient 
genotype- independent transgenic methods, developments in CRISPR-Cas based 
gene editing tools bring functional genomics and rational design-based molecular 
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breeding of polyploid wheat to unlock its hidden potential. Gene edited transgene 
free wheat has a critical role in addressing environmental issues while promoting 
sustainable agriculture and global food security. Gene editing is Just one of the 
methods advancing wheat breeding programs and supporting wheat biology, which 
can be used alongside more conventional commercial breeding methods for deliver- 
ing sustainability. 
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Abstract By using gene editing technologies such as CRISPR/Cas, precise modi- 
fications can be made in the genome. CRISPR/Cas is especially valuable for tar- 
geted mutagenesis in polyploids, as it can induce mutations of multiple alleles 
simultaneously, to obtain regenerants that are homozygous for the desired mutation. 
A range of gene-edited traits have been developed in hexaploid bread wheat, includ- 
ing various nutrition and health-related traits, plant architecture, pest and disease 
resistance, tolerance to abiotic stress, and traits that enable more efficient breeding. 
Wheat is also known as a cause of some human diseases, particularly coeliac dis- 
ease (CD), with a prevalence of 1-2% of the population. In the EU alone, at least 4.5 
million people suffer from it. CD is a chronic inflammation of the small intestine, 
induced and maintained in genetically predisposed individuals by the consumption 
of gluten proteins from wheat, barley and rye. As there is no cure, patients must fol- 
low a life-long gluten-free diet. The dominant epitopes in gluten proteins that trig- 
ger the disease, have been characterized, but they cannot be removed by classical 
breeding without affecting baking quality, as it concerns over 100 gluten genes that 
occur partly as blocks of genes in the genome of wheat. Using gene editing, two 
studies have shown that it is possible to modify the epitopes in several alpha- and 
gamma-gliadins simultaneously, while deleting some of the genes completely. In 
some lines more than 80% of the alpha-gliadin genes were modified. These proof- 
of-principle studies show that it is feasible to use gene editing, along with other 
breeding approaches, to completely remove the CD epitopes from bread wheat. 
Gene-edited coeliac-safe wheat will have economic, social and environmental 
impact on food security, nutrition and public health, but the realisation will (par- 
tially) depend on new European legislation for plants produced by gene editing. 
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1 Introduction 


Bread wheat (Triticum aestivum, a hexaploid wheat species with the AABBDD 
genome) originated as a hybridization between tetraploid Triticum and (the) diploid 
Aegilops species during early agriculture in the Fertile Crescent. Triticum and 
Aegilops are closely related: Triticum is considered the domesticated form of 
Aegilops. Interspecific hybrids are found in nature and may also be produced artifi- 
cially. Long before the onset of agriculture, a diploid wheat (T. urartu) carrying an 
AA genome hybridized with a grass-like wheat with a BB genome into the tetra- 
ploid T: turgidum with the combined AABB genome constitution. Near the Caspian 
Sea area, in an ancient agricultural field, a cultivated free-threshing tetraploid wheat 
(AABB) hybridized with a local wild diploid Aegilops tauschii with its DD genome, 
which led to the new hexaploid species T. aestivum (AABBDD). Spelt wheat is 
considered the result of one of the most recent natural hybridizations in which 
T. aestivum and a tetraploid T: turgidum (an emmer wheat type) were involved. 
Presently, synthetic hexaploid wheat lines are under production through various 
artificial hybridization programs, to increase the diversity in the D genome in hexa- 
ploid germplasm [1-3]. 

Wheat is a self-pollinating crop. Farmers can cultivate it by sowing seed material 
saved from the preceding year. Initially, cultivation practice applied mixtures of 
tetraploid and hexaploid genotypes. Through conscious or unconscious selection of 
spontaneous mutants, landraces gradually adapted to local environmental condi- 
tions, but there is a limit to the improvement of end-use quality that can be achieved 
in that way. Since the early twentieth century, genetics has been used in professional 
wheat breeding, including pure line selection and targeted breeding. Breeders are 
always interested in new genetic variation. This can be achieved through introgres- 
sion (trait transfer through hybridization followed by back-crossing) from other 
wheat species, but this process also introduces many undesired traits that subse- 
quently must be selected against. Alternatively, genetic variation can be induced 
within a cultivar through the application of mutagenic chemicals or ionizing irradia- 
tion (mutation breeding). 

Presently, next to the hexaploid bread wheat and spelt wheat also diploid einkorn 
and various tetraploid T: turgidum subspecies (including emmer and durum wheat) 
are still being cultivated. However, almost 95% of the world’s annual volume of 
700-750 million metric tons is bread wheat; durum wheat makes up only 5%, the 
other species have a minimal volume. Bread wheat and durum wheat are also 
referred to as soft wheat and hard wheat, respectively, due to the difference in hard- 
ness of the kernel and further technological qualities regarding milling and baking: 
bread, cakes and breakfast cereals are made from soft wheat, pasta from durum wheat. 

Its three homoeologous genomes make bread wheat flexible and adaptive in cul- 
tivation and versatile in its applications, due to its high genetic and allelic redun- 
dancy. This versatility becomes apparent in the specific qualitative and quantitative 
protein composition of its water-insoluble gluten, as used in various food and non- 
food processing applications, and, together with the grain’s starch, in dough and 


13 Gene Editing of Wheat to Reduce Coeliac Disease Epitopes in Gluten 205 


derived baked foods. Remarkable is the interdependence of the gluten protein struc- 
ture, the gluten quantity and the gluten applicability regarding genetic, environmen- 
tal and processing factors [4-6]. 

In keeping with its wide cultivation and application, bread wheat is the species of 
choice for further improvement of agricultural and food technological traits through 
conventional breeding, using various breeding tools developed in the twentieth and 
twenty-first century, including marker-assisted breeding and speed breeding [7]. 

In wheat breeding, the main focus was traditionally directed to yield and quality 
trait improvements. This has culminated in the 1960s in the Green Revolution 
through the introduction of dwarf genes. The dwarf genes (actually, dwarfing muta- 
tions) reduce energy investment in stem growth and increase grain yield. These new 
varieties were highly recognized worldwide. Today’s breeding aims still include 
yield (especially starch quantity) and gluten and starch quality (for improved mill- 
ing and baking quality), but adaptations to the biotic and abiotic environment, such 
as disease resistance genes, are receiving more attention because of the spread of 
major diseases and the threats of climate change, e.g., increased drought. 

Impacts on export markets appeared to have played a role in the lack of com- 
mercialized GM wheat. The first GM (herbicide-tolerant) wheat applied for approval 
in the USA was abandoned in 2004 [8]. HB4 wheat, a GM wheat variety with 
drought tolerance has been approved for cultivation in Argentina in 2020 and subse- 
quently for import in Brazil in 2021, which was important as for commercialization 
of GM events Argentina takes the impact on export markets into account. Since 
then, import has also been approved in the USA, Australia, New Zealand, Colombia, 
and Nigeria. Recently, Brazil has also approved cultivation of HB4 wheat. 


2 Gene Editing in Polyploid Crops 


To facilitate the time-consuming breeding of polyploid crops, alternative methods 
for introgression breeding and mutation breeding are important for polyploid crop 
improvement. Genome editing is such an alternative method. By using gene editing 
technologies such as CRISPR/Cas, precise modifications can be made to specific 
genes in the genome. CRISPR/Cas is especially valuable for targeted mutagenesis 
in polyploids, as it can induce mutations of multiple alleles simultaneously, so that 
regenerants homozygous for the desired mutation may be obtained. Moreover, the 
intrinsic specificity of CRISPR/Cas allows for the precise targeting of specific 
homoeologous genes. This enables allele-specific modifications, where only one 
copy of a gene is edited while leaving the others unchanged, or where all homoeolo- 
gous copies are modified simultaneously. This ultimately allows for the introduction 
of desirable traits or the removal of undesirable ones without the need for laborious 
backcrossing to eliminate unwanted genetic material. Several studies have demon- 
strated the effectiveness and robustness of gene editing for targeted mutagenesis in 
auto- and allopolyploids [9], including wheat ([10]; see below and Table 13.1). 
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Table 13.1 Overview of research and trials using gene-edited traits in wheat. This overview was 


compiled in April 2023, and it is not exhaustive 


Trait Gene(s) Reference 

Health 

Low asparagine to suppress acrylamide ASN2 [20-22] 

production during heating 

High-amylopectin & low-discolouring Waxy GBSS & PPO, [23] 

respectively 

High-fiber wheat pipeline 2 Calyxt 
news 
releases 

Coeliac Disease (CD) epitopes Alpha-gliadins [24] 

Coeliac Disease (CD) epitopes Alpha- and gamma-gliadins [25-27] 

Biofortification 

Carotenoids Psyl [23] 

Polyploidy/Recombination (incl. homoeologous pairing) 

Higher homoeologous CO (crossover) Tazip4-B2 [28] 

frequency (to facilitate introgressions from wild 

genomes) 

Testing effects on CO SPO11-1 [29] 

Haploid induction 

Paternal haploid induction by hetero-allelic TaCENH3a [30] 

combinations of genome-edited TaCENH3a 

Haploid induction combined with targeted Tested using BRI or SD1 [31] 

mutagenesis by using maize pollen (sperm cells) | involved in dwarfing 

transgenically expressing cas9 and selected 

gRNAs 

Male sterility 

Male sterility TaDCL4, TaDCL5, TaRDR6 [22] 

Male sterility Msl [33] 

Maize (and rice) counterpart Ms45 encoding Ms45 [34] 

strictosidine synthase-like enzyme potentially 

enabling an SPT-like hybrid seed production in 

wheat 

Plant architecture 

Alternative semi-dwarfing allele Rht-B1b combined with tasd1 [35] 

Possibly reproducing semidwarf alleles not GA200x2 [36] 

negatively affecting coleoptile length hampering 

deep sowing in dry environments, such as 

Rht18, e.g., recessive semi-dwarfing in rice by 

GA20ox2 knockout 

TaQ alleles involved in domestication, AP2-like TFs TaAQ and/or [37] 

impacting plant height, spike architecture TaDQ 

Yield 

Grain size and number, plant architecture, miRNA1S56 site in TaSPL13 [38] 

flowering timing 

Higher flower bearing spikelet number & higher | miRNA165/166 site in HB-2 [39] 


grain protein 


(HD-ZIP M) 


(continued) 
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Table 13.1 (continued) 
Trait Gene(s) Reference 
Spike shape (length) miRNA172 site in Q5A or Q5D | [40] 
Supernumerary spikelets & higher grain number | DUO-B/1 AP2/ERF TF [41] 
per spike 
Testing on spikelet number per spike & grain WAPO-A1 [42] 
number per spike 
Increasing grain size TaTGW6 [43] 
Dosage-dependent increase in grain width & TaGW7 [44] 
weight (not length) 
Grain weight & protein content GW2 homoeologues [45, 46] 
Multiplex editing, among which grain weight GW2 together with Lpx1 [47] 
(against Fusarium 
graminacearum) & MLO 
(against PM) 
Increased grain number per spikelet TaCKX-D1 with 1160 bp [48] 
deletion homozygous, among 
other grain yield genes tested 
GLW7, GW2 & GWS 
ABE base editing TaGW2 & TaDEP1 [49] 
Biotic stress tolerance (Susceptibility (S) genes) 
Viruses WSSMV & WYMV Ta-elF4E & Ta-elF(iso)4E (& [50] 
TaBAK1) 
Virus YMV TaPDILS [51] 
Fusarium and powdery mildew (multiplex Lpx1 (against Fusarium [47] 
editing) graminacearum) together with 
GW2 & MLO (against powdery 
mildew) 
Fusarium head blight TaHRC (Fhb1) [52-54] 
Powdery mildew 3 MLO homoeologues [55] 
Powdery mildew without yield penalty Tamlo-R32 [56, 57] 
Powdery mildew TaEDRI1 [58] 
Stripe rust TaCIPK14 [59] 
Potentially increased resistance to yellow and TaBCAT1 [60] 
stem rust 
Abiotic stress tolerance 
Osmotic stress tolerance TaSall [61] 
Nitrogen use efficiency (delayed senescence and | ARE] [62] 
increased grain yield in field) 
Delayed seed germination (dormancy) Qsdl [63] 
Herbicide tolerance (HT) 
IMI, through Zinc Finger Nucleases (ZFN, AHAS [64] 
SDN-2) 
SU herbicides (e.g., nicosulfuron), HT through TaALS [65, 66] 
CBE base editing 
Phenoxy herbicide (quizalofob), HT through ACCase [66] 


CBE base editing 
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3 Improving Regeneration of Wheat in Tissue Culture 


Efficient protocols for plant transformation and regeneration in tissue culture are 
essential prerequisites for utilizing gene editing techniques in wheat. However, the 
process of regeneration in tissue culture presents difficulties, particularly when 
dealing with recalcitrant species and is often dependent on identifying genotypes 
with capacity to regenerate. Overcoming these hurdles is crucial for wheat tissue 
culture as well. Promising advancements have been made in this area, such as the 
utilization of the developmental regulators that stimulate somatic embryogenesis 
and de novo meristem formation. Notably, recent studies have demonstrated that 
overexpressing a GRF4-GIF1 chimera construct and the TaWOX5 gene can substan- 
tially increase the regeneration capacity of wheat tissue cultures, while reducing the 
dependence on specific genotypes [11, 12]. These findings open new avenues for 
improving the regeneration efficiency of wheat in tissue culture and pave the way 
for more accessible and genotype-independent regeneration protocols. Continued 
research and exploration of innovative strategies, along with the advancement of 
gene editing techniques, can contribute to further enhancing the regeneration poten- 
tial of wheat and accelerating the development of gene-edited varieties. 


4 Current Research and Trials Using Gene Edited Traits 
in Wheat 


A range of gene edited traits have been developed in wheat, largely in the last 
5 years (Table 13.1). These include various nutrition and health-related traits such 
as low asparagine content, high fibre content, reduced coeliac disease epitopes in 
gluten, and biofortification. Next to these, plant architecture, yield improvement, 
pest and disease resistance, tolerance to abiotic stress, and herbicide tolerance are 
also investigated. The studies used Cas9 and Cpf1 [13—16] nucleases or prime edit- 
ing [17] for targeted mutagenesis, as well as some base editors (see Table 13.1). Luo 
et al. [18] worked towards homology-directed repair enabling the introduction of 
larger sequences such as complete genes or promoters. 

A series of breeding-related traits are also subject of gene editing research, 
including recombination, crossing over, haploid induction, and male sterility. These 
are related on one hand to the need to introgress traits, such as disease resistances 
and quality traits, from wild relatives, on the other hand to the desire to develop 
hybrid wheat varieties. When compared to traditionally inbred varieties, hybrid 
wheat is estimated to have a potential yield increase of 10% [19]. Furthermore, 
hybrid wheat, as with other hybrid crops, offers enhanced resilience and provides 
greater yield stability, even in the presence of environmental stresses and the extreme 
impacts of climate change. However, the breeding and widespread adoption of 
hybrid wheat is lagging behind. One reason is a costly production of hybrid seeds 
due to wheat’s inherent tendency for self-pollination and the production of only one 
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seed per flower [19]. Overcoming these barriers and establishing effective breeding 
techniques for large-scale hybrid wheat breeding requires substantial research and 
development efforts. For example, male sterility provides the method to block self- 
fertilization, while modifying flower architecture can facilitate pollination. 

Below we will in detail describe why and how gene editing and other approaches 
that target wheat gluten are used to reduce or remove epitopes that cause coeliac 
disease in susceptible people. 


5 Wheat Gluten 


Flour obtained by milling of whole wheat grains can be separated into four major 
protein fractions: albumins plus globulins, gliadins, glutenins, and a group of resid- 
ual proteins. The gliadins and the glutenins, both water-insoluble, can be further 
subdivided into subtypes (Table 13.2). Cysteine residues, although relatively low in 
number, are characteristic to most gluten molecules (except to the omega-gliadins) 
as they form intrachain bonds in the alpha- and gamma-gliadins, stabilizing their 
tertiary structure, and interchain bonds among LMW and HMW glutenins. Gluten 
polymerization, a unique characteristic of gluten from wheat, is crucial for dough- 
making and baking. The building of large gas-retaining gluten networks may even 
increase through opening of intrachain gliadin S-S bonds by heating, enabling their 
binding to glutenin polymers [5]. High hydrostatic pressure (extrusion) of isolated 
guten to increase further polymerization can be applied in the production of meat 
analogues [67]. 

Wheat flour plus water produces a viscoelastic mass (a starchy dough) in which 
the gliadins are especially responsible for viscosity, whereas the glutenins are 
responsible for elasticity of the network that retains the gas from the yeast or 
sourdough fermentation and makes the dough rise. The degree of viscosity relates 
to the ratio of gliadins to glutenins: a high ratio (around 3.0) results in a soft and less 


Table 13.2 Classification of gluten proteins and their main characteristics 


Mol % of 
Gluten Chromosome Mono/ Weight | total 
group Gluten type | (A, B, D genome) | S-S bonds polymeric (kDa) | gluten 
Gliadins | Alpha 6 (short arm) | +(intrachain) | Mono 32  |35 
Gamma 1 (short arm) + (intrachain) | Mono 35 21 
Omega 1,2 |1 (short arm) _ Mono 44 6 
| Omega 5 1 (short arm) = Mono 51 5 
Glutenins |LMW-GS 1 (long arm) + (interchain) | Poly 32: 24 
| HMW- 1 (long arm) + (interchain) | Poly 873; 69" | 9 
| GSx;y 


Adapted from Ref. [5] 
“As monomer, but as (combined) oligo- and polymers in stable 3D structures with MWs from 700 
to 10,000 kDa [70] 
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viscous dough; a low ratio (around 2.0) results in a highly viscous and strong dough 
[5]. Heating during baking makes the gluten rigid by the loss of its water to the 
starch, keeping the baked bread shape stable. The presence of glutenin in doughs is 
essential for baking of bread and cookies, and in batter for cakes. Gliadins may be 
exchanged for other proteins or even partly omitted without significant loss of bak- 
ing quality [68]. Guzmán-López et al. [69] managed to bake bread from wheat lines 
in which most gliadins had been silenced by RNAi. 

Removing the starch from unheated dough by repeated washings with water 
yields in a purified gluten mass, called vital wheat gluten (VWG), which is applied 
in the food (bakery) and non-food industry. 


6 Health-Related Wheat Components in Food 


Due to its food technological versatility, wheat and its isolated components (vital 
wheat gluten, wheat starch, and derivatives such as glucose syrups, maltodextrin, 
sorbitol) are applied in numerous food products. They appear in about 30% of the 
labelled and mostly highly processed food items [71]. Highly processed foods, 
including those with wheat-derived ingredients, are often classified as unhealthy as 
they often contain a too high content of non-wheat ingredients such as sugar, salt 
and fat, and a too low content of fibre. However, whole grain wheat foods are rec- 
ognized as healthy for their proven contribution to the reduction of risk of several 
“western lifestyle’-related chronic diseases including obesity and diabetes, heart 
and vascular diseases, immune-related diseases, and certain forms of cancer. 
Therefore, consumption of whole grain (wheat) foods is stimulated by governmen- 
tal food authorities in many countries [72, 73]. 


7 Wheat-Related Human Diseases 


Wheat is also known as a cause of some human diseases: wheat allergy with a 
prevalence of 0.25% is relatively rare; non-coeliac wheat sensitivity (NCWS) with 
a self-reported prevalence of 10% and a clinically estimated prevalence of 1% has 
mostly mild symptoms; and coeliac disease (CD), the most severe but also the best- 
known and well-documented disease, has a prevalence of 1-2% [74, 75]. CD is a 
chronic inflammation of the small intestine, induced and maintained in genetically 
predisposed individuals by the consumption of gluten proteins from wheat, barley 
and rye. As there is no cure, patients must follow a life-long gluten-free diet. In the 
EU alone, at least 4.5 million people suffer from CD. 

The general daily intake of gluten from the consumption of bread and related 
foods is about 15 g [76], whereas the safe daily amount of gluten in foods for indi- 
viduals with CD is estimated between 10 and 100 mg gluten [77]. To stay below that 
load, food products should not surmount the 20 ppm threshold as is defined 
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according to extensive research and established in EU regulation EC828/2014. Note 
the huge gap between current foods in a gluten containing and a gluten-free life- 
style, especially when considering the high number of food items in supermarkets 
and elsewhere processed with wheat and wheat-derived components. As a correct 
diagnosis of CD is difficult because of the great variety of occurring symptoms, it is 
estimated that 85% of the patients remain undiagnosed, which means that they daily 
consume gluten, unaware that their bad chronic health status is caused by this food 
ingredient. 


8 Gluten-Free Lifestyle 


During the last decades, a gradual but significant increase has been observed in the 
number of consumers that embrace a gluten-free or wheat-free diet. This gluten/ 
wheat avoiding population varies globally according to geographic location between 
3.7% and 17.2% [78]. The main incentive for this diet choice is the desire for better 
health. This trend creates a decreasing bread and wheat-product market with a nega- 
tive impact on the whole wheat value chain on the one hand, and an increasing and 
diversifying gluten-free product market on the other hand, with an annual growth 
rate of 10.4% between 2014 and 2019 in Europe, and an estimated compound 
annual growth rate (CAGR) of 8,1%. It had a market value of 8.3 Billion US dollars 
in 2025  (https://www.statista.com/statistics/248467/global-gluten-free-food- 
market-size/). The global gluten-free packaged food market now represents about 
3% of the total global packaged food market, reflecting the population share that is 
interested in gluten-free foods, which is 15-20 times higher than the diagnosed CD 
population. 

The problem remains to the 85% undiagnosed CD population. This group would 
be really served with the development, global cultivation and processing of safe- 
gluten wheat varieties replacing current high CD-immunogenic wheat. Gluten 
safety of such varieties should be guaranteed quantitatively (elimination of all 
immunogenic gluten) or qualitatively (inactivation of CD-immunogenic fragments 
(epitopes) from individual gluten proteins). However, maintenance of the full food 
technological and health qualities combined with unimpaired agronomic quality in 
such varieties remains a prime prerequisite for a crop to be competitive on the 
(global) market. 


9 Gluten Epitopes for Coeliac Disease 


What makes gluten intolerable to certain genetically predisposed individuals devel- 
oping CD? The high abundance of glutamine and proline amino acids in gluten 
proteins hinders degradation by the proteolytic enzymes in the digestive tract, leav- 
ing relatively long peptides in the small intestine. Several of these peptides contain 
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a core sequence of nine amino acids that can be recognized by antigen-presenting 
cells and presented to T cells. Upon recognition, these T cells become activated, 
resulting in inflammation of the mucosa followed by degeneration of the mucosal 
villi with serious consequences for uptake of nutrients and leading to a variety of 
symptoms. Several epitopes are recognized by T cells from many patients, called 
‘major’ epitopes. A comprehensive list of epitopes was recently updated [79]. 

Gluten proteins are encoded by large gene families located at different sites on 
the wheat genome (Table 13.2) with the alpha-gliadin loci on the short arm of the 
homoeologous chromosomes 6A, 6B and 6D, and the gamma-gliadin genes on the 
short arm of 1A, 1B and 1D. A single bread wheat variety genome (e.g., from the 
variety Chinese Spring for which the genome has been sequenced [80]), may con- 
tain as many as ~100 different gluten genes of which about sixty are expressed into 
proteins, as was shown by mass spectrometry analysis [4, 81-83]. Comparing dif- 
ferent wheat varieties, variation exists in the number of expressed gluten genes, in 
the sequences of the encoded proteins, and in the amount of protein produced per 
gene. Additional variation in the gluten composition (quantitatively and qualita- 
tively) is induced by environmental factors in the field during the growing season, 
such as the temperature during certain stages of crop development, and nutrient 
availability from the soil, in particular nitrogen and sulphur [4]. 

Although both gliadins and glutenins harbour immunogenic epitopes that can 
trigger CD, the alpha-, gamma- and omega-gliadins contain by far the highest num- 
ber and the most dominant (severe) epitopes. For alpha-gliadins the dominant epit- 
opes are related to the genes from the D-genome, followed by the genes from the 
A-genome, whereas some genes from the B-genome are free from epitopes [84]. 
D-genome alpha-gliadins contain the so-called 33-mer peptide carrying up to six 
overlapping CD epitopes and is a strong binder and activator of human T cells; simi- 
larly, some gamma-gliadins have a highly immunogenic 26-mer peptide. 


10 Breeding Methods for Coeliac-Safe Wheat 


Due to its genetic flexibility, several advanced breeding techniques are being used 
in wheat [85]. Wide hybridizations may result in irregularities (translocations as 
well as deletions) in the genomes of embryos and their later plant gametes. 
Chromosomal deletion lines, with impacts regarding reduction of CD-immunogenic 
gliadin loci, have been found and tested [86]. Chromosomal translocations and dele- 
tions may be induced technologically (as was done in the varieties Chinese Spring 
and Paragon, amongst others) but they also occur naturally. They are interesting for 
genetic research, but often the deletions impact the performance of the plants in 
the field. 

Synthetic hexaploids can be obtained from hybridizations of wheat varieties and 
species of different ploidy levels (e.g., a tetraploid durum female with AABB 
genome with a diploid Aegilops male with DD genome) requiring duplication of the 
originally allotriploid embryonic genome (ABD into AABBDD) to form a fertile 
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hexaploid hybrid. An Aegilops line selected from the very wide D-genome diversity 
with a favourable CD profile may be hybridized with a low-immunogenic durum 
mother line. The resulting new hexaploids can be tested for their epitope profile at 
the gene and protein level, and applied in further breeding programs if desired [3]. 
This would be one way to eliminate the 33-mer in the D-genome alpha-gliadins. 
EMS mutation breeding can generate large numbers of random mutations and 
could be applied to mutate gliadin genes, but it would be very resource-intensive to 
trace and combine mutations in multiple genes, from many plants, into one single, 
coeliac-safe and well-performing wheat plant [87]. Using y-irradiation, large chro- 
mosomal deletions have been induced in two mutant lines of the wheat variety 
Paragon. Both mutants revealed a lack of sequence coverage in a large part of the 
gluten loci [25]. However, a clear need for more sophisticated approaches remains. 


11 RNA Interference 


RNA interference (RNAi) is a system that may be used to interfere with the synthe- 
sis of gluten proteins through their RNA transcripts, while the DNA still contains 
the intact genes. With a single RNAi construct designed for a conserved region that 
is common for many gluten genes, Gil-Humanes et al. [88] achieved up to 92% 
reduction of the gliadins, and a 10-100 fold reduction of epitopes as detected in 
T-cell tests. Similarly, the expression of twenty a-gliadin genes was decreased, 
although the production of other storage proteins increased [89]. Some of the wheat 
lines with reduced immunogenicity but with the baking quality largely intact [90] 
were sufficiently low in gliadins for successful clinical trials with patients [69]. 
Unfortunately, as RNAi requires stable genetic modification (GM) of the construct 
into wheat to silence the gliadins, and no transgenic wheat has been commercialised 
yet, it is unlikely that this transgenic line will be brought to the market. 


12 Gene Editing of Gluten in Wheat 


Two successful proof-of-concept studies with gene editing have been carried out in 
wheat. Sanchez-Leon et al. [24] targeted conserved sites in alpha-gliadin genes of a 
single wheat line. In this study, 47 offspring gene-edited plants were genotyped, and 
they found smaller and larger deletions at the target site, and plants with varying 
numbers of genes edited. In one plant 35 of the 45 alpha-gliadin genes were mutated, 
and seeds of this plant showed 85% reduction of total gluten protein as measured 
with the R5 gluten quantification assay, which is the type I method for gluten detec- 
tion in the Codex Alimentarius. Guzman-L6pez et al. [91] developed a bioinformat- 
ics pipeline to show that in some offspring lines alpha-gliadin genes were deleted. 
In the other study, Jouanin et al. [27] simultaneously targeted multiple sites in 
alpha-gliadin as well as gamma-gliadin genes, and confirmed 117 gene-edited 
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plants, including plants with mutations in both gene families. Some gluten genes 
were deleted, as evidenced by droplet digital PCR (ddPCR) results for alpha- 
gliadins [27]. Evidence that in some regenerated plants blocks of genes had been 
deleted came from mapping of sequence data obtained with GlutEnSeq, a variant to 
RenSeq that targets gluten genes, to the Chinese Spring reference genome [25]. This 
is presumably the result of double-strand breaks in different gliadin genes that occur 
in tandem arrays in the wheat genome, leading to the deletion of tandem gene blocks 
in between the genes with double strand breaks. 

As not all target sites in the gliadin genes will be mutated in a single progeny 
plant, gene editing will lead to populations of plants that each may contain a mosaic 
of unaffected, edited, and lost genes. The edits on different chromosomes will seg- 
regate in the next self-pollinated generations. Hence, it is useful to have a rigorous 
selection program aimed at maintaining only the few most promising plants (geno- 
types) for multiplication, cultivation and eventual application in coeliac-safe(r) food 
[92]. In this process, gene-edited loci may be combined with loci that are lost 
through smaller or large deletions. 


13 Impacts of Gene-Edited Low CD-Immunogenic 
(‘Low-Gluten’) Wheat 


Producing low CD-immunogenic (hypo-immunogenic or ‘low-gluten’) wheat is 
technically feasible with gene editing using CRISPR/Cas technology. Such wheat 
varieties and the food products made with them have the potential to make a signifi- 
cant contribution to food security and public health for a group of individuals that 
suffer from coeliac disease, and for others that prefer to consume gluten-free prod- 
ucts for health or diet related reasons. Such products could fit well in the gluten-free 
product market of packaged foods, which currently is growing fast. 

Gene editing with CRISPR/Cas initially requires foreign DNA or proteins to be 
inserted into the plant genome or plant cell, as a temporary step to perform editing 
(read: to induce a directed and desired mutation) of target genes. In many jurisdic- 
tions such plants are not regulated as GM, provided that no foreign DNA is present 
in the final plant. In Europe, however, the process-based approach is applied, and 
because CRISPR/Cas includes a temporary GM step, gene-edited wheat will fall 
under the strict GM regulation (EC Directive 2001/18), whereas plants and derived 
products from chemically and irradiation induced mutagenesis are exempted from 
GM regulation according to EC Directive 2001/18, Annex 1B [93]. Presently, in 
2023, the European Commission is preparing a proposal on changing the legislation 
for plants derived from cisgenesis or targeted mutagenesis. The possible impacts 
that gene-edited low CD-immunogenic wheat, once on the market, may have on the 
economy, society and the environment, were reviewed by Sánchez et al. (in 
press) [94]. 
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One aspect of low-gluten wheat is that it will require the establishment of a sepa- 
rate supply chain under Hazard Analysis and Critical Control Points (HACCP) con- 
ditions [92]. Cross-contamination with regular wheat and other gluten-containing 
cereals (rye, barley) should be strictly avoided, requiring continuous control 
throughout the entire production chain. Further, labelling should emphasize the 
unique properties of the derived food products, particularly to CD-patients and 
NCWS patients. Importantly, the current legislations (EU 828/2014 and EU 
41/2009) on gluten-free labelling requiring a threshold at 20 ppm gluten would need 
to be re-evaluated for low-gluten, low CD-immunogenic wheat products, because 
these regulations are based on quantitative measurement of the total amount of glu- 
ten in ‘gluten-free’ products which should be below the threshold for coeliac safety 
of 20 ppm. Gene-edited low CD-immunogenic wheat still will retain a gluten con- 
tent far above this threshold and would require a separate ‘CD-safe gluten’ label. 

Adoption of gene-edited coeliac-safe wheat might generate many new business 
opportunities for the entire wheat value chain, leading to diversification of produc- 
tion and products. In all, healthier and more safe foods for the CD patient popula- 
tion and reduced health care costs to society can be envisioned when gene-edited 
low-gluten CD-safe wheat would become mainstream on the food market ([94, 95] 
and refs therein). 
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Chapter 14 A 
Genome Editing in Horticultural Plants: gei 
Present Applications and Future 

Perspective 


Nasser Mahna and Shahnoush Nayeri 


Abstract This chapter considers the genome editing technologies that have been 
utilized for breeding horticultural plants. Many examples of the successful applica- 
tion of genome editing technologies including ZFN, TALEN, and especially 
CRISPR/Cas systems in improving diverse characteristics of horticultural plants are 
mentioned and discussed. Based on the literature review, CRISPR/Cas technology 
has proved its potential in altering many genes of interest in horticultural plants 
including fruits, vegetables, and ornamental plants for improving agronomically 
important traits and attributes such as growth rate, seed size, flowering time, flower 
color, storage time, resistance to biotic stresses, tolerance to abiotic stresses, herbi- 
cide tolerance, metabolism, fruit color, fruit ripening, and so forth. This advanced 
technology paves the way for more favorable and precise manipulation of plant 
genomes to improve crop performance. 


1 Introduction 


Horticulture goes back to ancient times as an important sector within agriculture 
and has improved a lot during human civilization. Horticultural crops are typically 
known as vegetables, fruits, and ornamental plants which are planted and harvested 
for food, medical, and cosmetic purposes [1]. Nevertheless, horticultural crop culti- 
vation continues to face a variety of challenges, such as serious environmental con- 
cerns, the spread of viruses and pests, climate change, and increasing population 
growth [2]. Conventional breeding, molecular markers, and genetic modification 
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have been used for improving traits in horticultural plants. However, faster develop- 
ment of better varieties requires more precise and safe techniques such as genome 
editing systems. 


2 Non-CRISPR/Cas Genome Editing Systems and Their 
Applications in Horticultural Plants 


Before the discovery of CRISPR/Cas, other genome editing techniques were used 
to modify traits in plants, but not so frequently in horticultural crops. Strictly speak- 
ing, there is no report on the application of meganucleases [3], the first developed 
genome editing tool, in horticultural crops. Later, after the rise of Zinc Finger 
Nuclease (ZFN) technology, two groups applied ZEN in the functional analysis and 
characterization of genes in apple and fig [4] as well as tomato [5] plants. Thereafter, 
TALEN-based gene editing technology was developed and effectively employed in 
some economically important horticultural crops such as rapeseed (Brassica olera- 
cea) [6], potato (Solanum tuberosum) [7—12] and tomato (Solanum lycopersicum) 
[13, 14]. The first instance of genome editing in a horticulture crop was accom- 
plished in 2013 using TALEN in Brassica oleracea [6]. Later, in potato, TALEN 
was used for silencing the vacuolar invertase gene to improve the processing and 
cold storage of potato tubers [12]. 


3 CRISPR/Cas Systems in Horticultural Plants 


The CRISPR/Cas genome editing technology was developed almost two years later 
than the discovery of TALEN proteins [15]. The CRISPR/Cas technology is 
expected to open up novel opportunities for the improvement of horticultural plants. 
This technology has already been used widely in horticultural plant breeding proj- 
ects (see Table 14.1). For example, CRISPR/Cas9 was employed in the genome 
editing of sweet orange and tomato hairy roots [16, 17]. Several works have endeav- 
ored to enhance floricultural characteristics in ornamental plants, such as flower 
size, shape, color, aroma, shelf life, stress tolerance, etc. Through knocking down 
the Argonaute7, CRISPR/Cas9 was exploited to develop the first targeted mutation 
in the needle-leaf of tomato [18]. Since then, some research have been published on 
the potential uses of CRISPR/Cas in improving fruit quality, plant architecture, and 
shelf life as well as protecting plants from biotic and abiotic stresses [19]. The tech- 
nique is now being exploited for a variety of fruits and vegetable crops, including 
watermelon, mustard, tomato, potato, and cabbage, etc. Table 14.1 presents a wide 
variety of genome-edited horticultural plants including vegetables, ornamentals, 
and fruit crops for different types of traits. Until now, just a handful number of 
teams have utilized CRISPR/Cas-mediated genome-editing in ornamental plants, 


225 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 


(pənunuoo) 
1JuəouidoləAoq adAjousyd snoioəouÁo IdIM 
asuodsar ssənç QOULISISAI [RITA pooueyug AtA 31981983A snaps SIUMNINJ Aəquməno 
Iauodəy utsruiq[e ‘Suyoeajqojoyd Sdd Wy psoydaups vəffop aaJjoa 
FEA T pipyofi 
SNAUOJ X `qsO “J 
asuodsal ssənç QOULISISAI əpl91q1oH STV mmy SISUAUIS SNA | BUBI OZIB 
spioe Ayez poyesimesundyod paseais9q 
spioe Ayez poyeinyesundyod Jo s|ƏAƏ| poonpoy ¿qv1 
1Juə)uoo [to psonpoy LLVdd 
uonisoduioo proe Ayez pƏ1əl[v LLVOd 
WSOP sproe Ayez urguo-Suo[ psonpoy IHVI 31982983A DANDS DuljəouuDO vulpes 
asuodsal ssənç SIDIIGOAL ‘yd 0} BIURISISOY fYdN yay ODIVI DULOAGOAY L ovoed 
SUNIMOJA SuLaMoy snotoooə1d Jo yor] ‘wsy.seMq NAO yy | winsoqucds09 tunu1932DA Aragon g 
Jaioday SuyseMp ‘wsuqre ‘Surypsve[qojoyd sad SWEM “AD YSIPUARD 
asuodsal ssənç QOURISISOI IM spuotuotujupx vueUrg ONWd 
UISTTOgRIOIAT S}INIJ Ul JUDJUOS oud}OIvI-g Jo 1uəuuəo2upuuə P[OJXIS 31971 ‘dds psn 
asuodsal ssənç QOULISISAI SNIA Yeas pupuprg ATOSg pupis1iq]pq psn 
4]21191W SOLD, 
quowidojaacq odAjousyd JipAp-Turs TXOOTVD DIDUIUINID DSN 
SONSLIQIOVIVYO STWIOUOISY OJ] Joys popusyxa “eəp Suruəodri ymy IOOV 
Jaioday uusruq[e “Sšuruəoeə[qoloud Sad nA Djpununən VSN eueueg 
Əsuodsəi ssənç pəpnj)op bisapydsoksjog o1 IIWISISIY ZODNI 
asuodsal ssənç osuessa ISI Walqa 
JuəouidoləAoq Sunmo Aeg VITAL 
Iauodəy odAjousyd ourqry Sdd yn pund snow addy 
UODPƏUISSP|OƏ uoneouipoui Perg oureu 93u20 od] yue[g Əumu IRUS səroəds dorp 


[pZ-17] sue[d pimmonioy ur wass 8unipə gutouə8/əuə8 6seO/211dSI21O Sutsn sonog yen oytoads 107 ə|[qisuodsə: souss pemu oy} JO )STT UL T'hI AQEL 


T 
š 
Zi Sonstajovseyo onuouorsv odAjousyd pəuoutiq Á[uSIH SQ22 
2 Utd 
s FO'IW 
É asuodsar ssənç AƏpltur A19pAod 0} IIULISISIY cOTN 
š WSOYN proe onee] Jo sisoyjuAsorg HAYPI 
Z Əsuodsəi ssang gouv}sIsal Mapp AÁ1ƏpAOdq LOIN 
Jayloday odAjousyd ourqry Sdd 
asuodsar ssənç Dadauld SYKAJOY 0} VDULISISAI posvaIouy TSAMUM 
WSOYN proe onee] Jo sisəou1uÁsorg Haupi 
Jayloday odxjousyd ourqry Sdd yn] DAALIUIA SMA our, oder 
Joloday odAjousyd ourqry Sdd DS0191]2p DIPIUNIY 
SULIOMOL euru “YMOIS Jopduroo puay SISUAUIYI DIPIUNIY 
Sunmola SuutƏAol pidey IDS *pu9O yn SISUU DIPIUNIY JMDIUJLADI 
q¿dy 
uoneoyrpour redeo o) jedog pzdV 
quourdojaaoq SULIOMOT] Tad vdva `g 
Iauodəy odAjousyd ourqry Sdd gquiesaq, | pup vaavsajo D31SsDAg pae)snu ppl 
quowidoyaaoq quowidojaaap Arey 100% 
Əsuodsəi UDIIDIDSOUIGDAD 
ssəns J3uəuidoləxoq ssəns snioudsoud 1əpun sey 1ooi Jo uong|n3əg 211-41719501 AQLI A DIÐULDI D21ssD4g | pae)snuu werdor A 
XAI 
YOO 
TOR 
Ho (Jomoy) 
WSOYN sIsouUAsorg əsompovouSr] HEJ qu peupipayy | apurffo wnigospuaq umiqoipuəq 
UODEPOUISSP|O uonvogrpoui eI Əumu əuəp əd) que[g Əumu əounuəroç səroəds dog 


226 


(pənunuo5) [pT NEL 


227 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 


(pənunuoo) 


TSO¥ 4!1- THLO 


SONSLIQIOVIVYO STWIOUOIS y oJ JIOUS YON-OVN 
Jaioday uusruiqre “Suruəeə[qoloud Sadd yny oJətu shunonO uojplv 
1un]nund um1]!rT 
1ə)iodəq wsuqe “Suruozə|qolouq Sdd IMO “unao]fi8uo] umar] ump 
uongururiə8 pəəs Jo UONIQIYyUI-OULIOY |, PCAN 
quourdojaaoq asuodsad  ptoiəlsoutsspiq posreduiy ¿NIg apquiasa,, DANDS ə9n]12'] INPI 
wpsug] popad sJasuoy ‘Fumo Jeo] ZZN 
rona 
quourdojaaoq odAjousyd zueu ON doo 
Joyioday, utsruiq[e “Suruozə|qolouq Sdd yy lspuly Dyauntoy yenbuiny 
SuLISAO|H AYAƏSuO| IƏMOJA [Hdd 
yuourdoyaaog Jojoo eod paray rqa A108 
WSOP SiƏAo]J YM pue sisoyUAsorg urupAoouJuy g-NAd JOMOL Hu paowod] | Zuyusow əsəuedef 
AWAQSUOT JOMOT] [Hdd 
LLSD 
LVS 
LODE DAOYIA 
SUMOJ ƏSuvu2 10709 1SAO|,] LOS IMO | `D x D4qp3s DupYUaH | sueyuds əsəuedef 
SHI Dsspupup x DUDSDLY 
WSOP stsoyjucsorg urueAooyuy OITAN ‘DISIA DUDEDAY urəqwens 
Jaioday odAjousyd ouiq[v Sdd yn DSSDUDUD X DIADSDAT priqAy 
asuodsal ssənç dour}sIsai Jayued IJOT 
O9EE08LSD 
OLFTIFTSD 
Jayloday odAjousyd ourqry Sdd yng isippapd snayiy yinayodeay 


š tusr[oq8]ə]w sisəu)uÁsotrq uo1e)s ISSg5 
< QoURISISAI Oprloiqsoy poouryug ZSTV 
£ QOUR)SISAI əpl91qiəu psouryuq ISTV 
s Əsuodsəi ssənç syjuəuoduioo onorqg pue ənotrq 0} əo2ut]stsə: pə2əupuuq auas U11102 
a quourdojaaoq Ayyiqnedurosut-jfog asvNay-S. 
= stsoupucsorg yoreis sauas ççgD 
z WSOYN WST[OQRIOU! spio[ey[pooéI8 [epto191s XOd9I 31482233A wnsosaqny uimup]oç 08d 
PEVPSLONGd 
WSOP saqoqejowl otjousyd Jo asueyD E7VPSLON yay “T uumpupa8 vund ayeurisowlog 
SONSLIO}OvIVY STWOUOIS Y OSULIO usIppƏ! 0} Pal WOIJ 10709 JORIG ay) JO ƏFULYO HEA IMOJĄ | vunyomd vıqaoydng en)əsuroq 
(eueueq PIM) 
asuodsal ssənç stsouasoujed snra JO [oNUOD ASgə2 yay Dupisiq]pg psn wezuejd 
1juəouidoləAoq Ayyiqnedwosut-jjog IJSS ppur munad 
JuəurdoəAoq Ayiqneduuoour-JIəs ENV 
WSOP UONLUAA 9qn} BI[OIOD Jo 99u9sqV IOOV 
SULIOMOLY AWAQSUOT JOMOT] YN 
Iquoday odAjousyd ourqry Sdd TOMO ppiiqky munad ennyd 
SULIOMOTY SuutAo Aeg ITAL "J stununuoa sn q 
quourdopaasq adAjousyd Fumo JipAG PLLVd 
asuodsar ssənç QOULISISAI əpl91qioH STV wn llaplauyrsjasg sn q RULE | 
Joyioday, utsruq[e “Suruozeə|qolouq Sdd yn 1 vkpdod Dov viedeg 
F#FSQVW 
9ESAVW 
SULIOMOT ponad əpuəanf 8uo SSAYW I{Êojy  $l4]sənbə sisdouapjpyg DIiU34O 
uum]ofliou 
Iauodəy oues 1əliodəi JAO A A} Jo Sunipə PHOFWL ddDX IMO winwaysuvsK1yy wn 
UuODEOUISSP|O uONROYIpOUr JIP, Əumu sua ədÁ yuĽjd Əumu IYYUADŞ səroəds doig 


228 


(ponunuoo) [pT NEL 


229 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 


(pənunuoo) 
suojdurAs rəyuveo sny poepq ZZAN4/AA5S3Ə 
QOURISISAI JoyURD IgO1 
Əsuodsəi ssənç Əoup]sisər uiqšuo[8šuenH 9uWwa 
Jayloday odAjousyd ourqry Sdd yng SISUIUIS SNAJID ƏIZULIO JIIMÇ 
yuoudojoaoq yuəwudojəsop 19u Yy OWL yay DSSDUDUD X DIADSDAT ALIIQMB.IYS 
vueurq 
Jooday odAjousyd ourqry Sdd yng DIDUNUNIDÐ DSN erse urəu)nos 
srsayjusorg suouTYysuRy, ISdO Wejd punopo D2YAAON JIU D14105 asus poy 
UISI|Oq8]Ə]A əd(üqouəud jurynu oN H&A yn “q snəppi snqny Aasaqdses pay 
SULIO}VYS pəəs 9uəutdo|ƏA9p USU AJLA O1V 
TAT 
¿vq 
Iva 
1uəuido|əAəp Juegd ut pƏA[oAur soues ə|dn[n]4 VOU 
EAT 
TATO 
spəəs e[noo[nmnur geny IATO 
juawidojaaoq osvioysuen [Aout əurtsÁ[ Əuo]sIH sods 
OLANUM 
asuodsar ssənç Əoup1stsər Norg poouryu” IT IANYM 
WSOP wsijoqepu proe Ayeg zava 
1JuəouidoləAoq 1uəudo|əAəp əqo| Jeo] IINT 23198283A sndpu poisspig pəəsədey 
1yuəouidojəAoq sisəouəSoudioui jooys ‘ugod yv]/xny ZVVI 
WSOP Aytyenb 1əqn} pue utsi[oqg]əur yowes Sçg5 
sise]Jsoəurou snioudsouq HEIAN 
asuodsar ssənç syUdSe INOIEL put INOI o1 ə32ut1sisə: povueyug auas U11109 Ə[qE1ƏSƏA tunso4əqn] wnunjog 080d 


wsI[oqeiay Juəjuoo əuəodooé[ paseaiouy A 
5 quawdopaaoq 31idieoouəuleq LAV 
Z JuəuidoləAoq juoutdojaaop nay pue əsuodsəi əuə|Ku)q gJZAAV 
2 SONSLIDIOVILYO STWIOUOIS Y oyewo} posnojoo-o]ding ZLNV 
S WSOYN stsoyjudsorg urueAooyjuy LLNV 
É QOURISISAI əplo1qioH ZSTV 
š Əsuodsəi ssənç Q0UR)SISAI əpio91qiəu psouryuq ISTV 
z tusr[oq8Jə]q ƏJ-JIəus SuoT OTV 
ASopoydiour Jeo] LOOV 
aimesoduia) yF Jopun Jn o1dresousyied Jo uononpoiqd 9TOV 
yuouldoyaaop yn pue əsuodsəi Əuə|Áu1]q4 ZSOV 
SSOUWLIY put 1o[oo PMI} pasayye ‘ques [eM JPO POEL 
JONUOS UONEpRIsep unod 
oues JJe” J09 

SSOUULIY pur 1009 PMI} posayye ‘IUIS JEM [JID Td 
Juəuidojəxoq JONUOS uonepuiSəp und pz2Od 
Əsuodsəi ssənç ƏoumJo]o) FUPI Dd 
quourdojaaoq Suruədrui pue J1uəutdo[əAəp 1In14 YON 
ssəns onotrq 0} BdURISISOY, D9D11K8ə2D ayoUuDAay q JULES IUL}SISOY IXVN 
SINSHYLVILYI SIWIOUOIS V yuaquos susdoo KT TAIT 
WSOP uusr|oqg)əur proe o1Aynqouture-A av) 
juoutdojaaoq Suruədrui pue Juəutdo|əAəp MIA PYCL/ITINA 

SSANS INOI 0} IIULISISIY DO9D11K8ə2D ayouddljay dq \SUILSL IOUL}SISOY 8d99 giqeiasaq, | wnaissadood] umup]oç o)euror, 
SULIOMOTY | myyye əouəosərojur pəgrduts una SurtgAog Aeg dOa 
Suruədrui pue Juəutdo|əAəp I4 DZdV 
Əidieoououleq 9TOV 

yuourdoyaaog quowdoyoasp inay pue osuodsoas əuə[Kul4 PSOV ƏVF | winoissadood] umup]oç ojewoy, 

= UODEPOUISSP|O uonvogrpoui eI, Əumu əuəp əd) 1uc[q Əumu əounuənçs səroəds do1O 

c 
N 


(pənunuoo) THI AQEL 


231 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 


(pənunuoo) 
quaquos (YJYD) pI s1Ainqourwe-A ut əseərou 

WSOYN WSOqe U prov o1AjngouTure-A IdL-VIVD 

Suruədri pue 1uəutdo|əAəp MIA ZdIW/ZTAA 

asuodsar 9ƏuouttoH MLA 

[343451 

quourdojaaoq Juəudo|əAəp 1Inj pue əsuodsər əuə[Xu)q ¿NI 

SODSLI9]OpIpUO STWOUOISY Sutuody nay Jo uoniqtuurt pue uonpAno y TING 

asuodsar ouowIoH VITA 

qiwaq 

Juəutdojəxoq uone ypu VNG ut əseə1ooq pIwaqa 

WSIO PN wsjoqeu prougowp ZI- 

sIsouUAS prog ərqIoose pue “əquinu pur ozs JInuj “aquinu 

SUNIMOJA Jomoy ‘AZojoydiou YIM swen ojqersop Jo uononponul SATO 

IW 

asuodsar ssənç mappu AUMOPp IsuTese ə2up]sIsəqq 9JWA 

Jyuəuidoləxoq Joquinu ə[nəoo[ parity SAM-ATO 

asuodsal ssənç QOULII[O} ssəns FUY ut ISLADA [AGO 

UISTToqeI}ou prov oLAjngourure-A 6LWO 

asplauios} 

WSOYN uusijoqp]əut prougowp p10uə40409 

asuodsar ssənç QoUvII[O} ssəns JOY ur əspə1oəoq INZI 

quawidojaasq dINJONS əouəosəropur dod 

WSOYN Juə)uoo əuəodooé[ pəspəroul 14 
1JyuəurdojəAəoGq 3idieoouəuleq LAUV g[quiesaq | wingissadood] wnuvjog ojeurol, 


g>! 
š 

s SIO “VN ILLdN 
g asuodsar ssənç douvIIIO} JYSNOIp psonpoy IMdN 
= quowdopaasq V7 9seu AYN VZJAVN 
s Sonsut9)opiIpuo STWIOUOIS vy oyewo} p31o[oo-yutd ¿ISAW 

2 utsril[oqp1əu 
zZ UISI|[OqE]Ə]W wxne pue Sns šu||o.juoo səuə3 Jo uorssardoy O7NdW 
SONSLIDOvILYO STWIOUOIS Y was pnay ssənuror ITdIW 
asuodsar ssənç DƏ42U12 SUHOJ 0} Ə52up]sISƏq £NdVW 

sisəu)uÁsorq ptouə)ormeo 
pue əuə[Ku1ə ‘ouadoaAq “Suruədui 1Inij possoiday 6SPIVNYOU] 
qu9]U09 suadosA] pəspəroul FAT 
CHADT 
quaquos əuədoo Áq IFAT 
WSOYN Suuədu SuLNp utsroqtp)əu NIJ UT POATOAUT FIIT 
asuodsal ssənç yoods [ertə]opq 0} IIUVISISIY zzvr 

oidiesousyyeg 
6VVI 6VVI 
uodo q Juəudo|əAəp pnay pue asuodsar əuqáypg 8SVYD 

O unupi pure əzts 
wisrfoqejow quəotudolgAogq | may pəšm[uə ‘AWANISUsUT YISUS|-Aep “mlooluom lup[q Id99 
Juəuidojəxoq wsyemp pue əsuodsət ur||ə1ə9qqi9 IVD 
£qyv5 
cdvo 
1uəluoəo (YY D) plow oA ngourwue-A UT əspəroul t£d1-V8V5 
WSHOQL PW utsri|oqp)əur proe orÁmqounue-Å ¿d 1-VgVD 
uONBOYIsse[D, UONOYIPOUW! il, Sumu ouaH 


ECEN 


31982232A 
odAy yuĽjd 


wng1stadook] umunp]oç ojeurol, 
lumoə1s4ədooK] uunup]oç ojeuro], 
Əumu ounuənos səroəds dorp 


232 


(ponunuos) [pT AQEL 


233 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 


(pənunuoo) 


JULIJO] SSS JYFNOIP ur əseəroəq 


asuodsal ssənç ssans 1ysno1g EJA YW 

1JuəouidoəAoq Juəouido|jəAəp uəjjod payioqy OZNdVW 

ainjoaytyore jueyd pue ‘Surpouvsg souddosa1oyul IZIS JIn1⁄4 dajowiold CATO 

SOISLa}IeIVYO ITUIOUDIS v odAjousyd ANM ZOOVIS 

yuaquos susdoo KT IMDS 

WSOP (wistjoqejour Arund ur əseqgS) əəouəosəuəs Jeə' əspqgç 
Somnsui9)oereuo ortuouorsv | Suruəduimi šunge[n3əi:olouj uonduosuen xoq-SqdVIN 
Suruodi ymy 

quourdojaaoq Suruədrir ymy pue uononpo.id əuə[Áu)q NIN gfquiesaq, | wino1ssadood] umup]oç oewong 

Juəojuoo əuədoo&T IMDS 

WSOYN (ursiloqe)əur Arputurid ur əseqgS) əouəosəuəs Jeo] əspqgç 
Sonstrə)oprpuo SIWIOUOIsS Y Suruədui ynız šunp[n3ə: 107927 uonduosuen xoq-SqvVW 
Suruədrr yng 

1JuəouidoləAoq Suruədri may pue uononpo.d əuə[Xu1# NIN 

ADTAL 

asuodsal ssənç SNIA [IND JIT MOJJOÁ olguto] 0} BdURISISAI pOUreIqO wuoaf asvayday 
UuISI|[OqE]Ə]W utsi|oqpg]əut piouə]o:eo 
SODUSLIƏ]OpIpBUO STUIOUOIS V Ouo} PaINO[OI-MOT[IA 

WSOP WST[OQRIOW prougowp IŚsd 

JuəouidoləAoq Jo[OO WN ASd 

Jooday odAjousyd ourqry Ald 

yuoudojosoq Sssəuuu PUB JOJO PMI} pIE “əuə3 [[eM JPO pzOd 
WSRW ltusri|oqe1əut prov oLAjngourure-A 

Jaioday odAjousyd ouiq[v Sdd gquiesaq | winoissadood] wnuvjog ojeuror, 


g>! 
D 
> 
Z sisəunuÁs 
luSHoqe]9]N | plov oiqioose pue “əqumu puke ZIS WIJ “Jaquinu IIMOJA SAM 
Ë D urumya pur əzts 
z yma pə8xmuə ‘Ayranrsuosur uj8uə[-Áep “ərmloəəlruoəm lup|q çdç 
E dS 
2 FLNAO 
zZ TMA 
sisopjucsorg auadooAy SV umyofyjaurdund 
wisToqejour quəourdolgAoq pue odeys yn ‘ornjooyyore əəouəosəiojur pure JULJd COLG) 31q82283A uumup]oç oewong, 
9IXYJÐ Ted, 
ZI X49 IPAL 
SI XÐ IPAKLI 
uone[nsal xopəq FI XAD PASL 
1omuoo uonepe13op unoəq POEL 
WSOYN quaquos (YY D) pI Á nqoutue-Å ut əseə1ou] HAYSS 
SULIOMOLY ƏAnISuəs-u)Suə[-AÁeq 
srsəypuÁs 
Sunmo |  pIOL orqioose pue “əqurnu pue IZIS PNI “Iaquinu IIMOJA DçdS 
sisəuyuÁs 
SODSLI9]OEIEUO STWIOUOISY | plow od:qioose pue “əqurnu pur ZIS NIJ “OquINU ISA0|4 dS 
Suryoursq pue ssənuror 
quowidojaaoq uorssiosqe ‘JURINUI ssopurof OI S8£08Z [2K] 05 
asuodsal sso.ng Ayyrqndaosns YIM nosna 015108802405 
WSOP quod (YY D) plow sAjnqouture-A ur əspə:roul 6IVJS 
SODSLI9]OPIDUO STWIOUOISY | ƏimoƏ)ruOS:ie JULJd pue ‘Surpouesq əouəosə1roguit IZIS YMI | uə1u2]ə DAVI SAM 
quowidoyaaoq Suruədui yny pue Sunips VNA FWJHO grqeiesaq, | winoissadook] umup]oç oewong 
UOneoyIsse o uoneouipoui yer, oweu 93u20 ədÁ) que[g oweu S3uUnuənçs səroəds dorp 


234 


(ponunuos) TPT AQEL 


235 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 


HEA 
SiəomolJ ən[q Aed ZAVA 
SODSLI9]OopIpUO STWIOUOIBY SIOMO] JO 10709 pue adeys pjewouqy IAVA TIMOA MəlUANOf DIUAOJ |  IIMOP IUOQYSIM 
SIO MYM dvd 
Jayioday SƏLLIƏq [eULIOUGR ‘SIIMO u! UONLINJY dag-¢ 
stsoyjucsorg uruvAooyjurolg XOdT 
sisoyjuds urueAooyjue ur səšupuo ‘IDEAN 
Juəouido|jəAəp uel SAN 
quourdojaaoq Suyeusis urxny IVVL 
Joyioday, WSTUIqe “S3urjozə[qoloud sad mmg pəsəa DIADSDAY — KAAIQMVAYS DHAA 
utsi]oqe]ə]w sisoujuAsorg urueÁooulug pƏ1əl[V H&A 
adAjousyd ourqry aye TIAN 
Joyioday, odAjousyd ourqry Sdd apquiesa,, DJO4D2 shonpdq JO.162 PIM 
Aymqneduuoour-JləS EJAS 
AMNS IPW ISW 
juourdojaaoq odAjousyd ourqry Sdd 
quourdojaaoq wsyJeMp pue ssuodsal VD p'pFVD O ILIFIA DIIDAIJO DIISSDAG aseqqes PIM 
aodo ədüouəud ourqry Sdd 
asuodsal ssənç QOURISISAI IPTOIQIIY posealouy STV 
WSOYN 1uəluoo uruolg|əut pəseə:oəq LLWOO 
SONSLIDIOVIVYO OƏrtttouoI8 Y UONLUIULIDS psoas pəlotuoid pue əzts pəəs pəseə1oəq 194 mng SNIDUD] SNJN UO|ƏULIƏJEAA 
WNLUDSNY O} ƏƏue]stsə2] INSd 
asuodsal ssənç QOURISISAI əplo1q1oH STV 
Jaioday utsruiqre ‘Suryoveyqojoyg sad mny SMIDUD] sn]]n.1O UuO|ƏULIƏJEAA 
U1o18 
SonsuI9]opIpuo STWOUOIS y DANLIOSIA PUL UONLUWIOJ JOOI SNONNUSApR PIMPIN IIXOM 
Jaioday ursiuiqre ‘Suryors[qoloyg Sdd wng visas sup]5nr nue, 


236 N. Mahna and S. Nayeri 


because it is challenging to edit genomes of the plants without any genome sequence 
information. Thus, more whole-genome sequencing data should be generated. In 
addition, for the improvement of polyploid plant species, such as tetraploid roses 
and hexaploid chrysanthemum plants, a very effective editing platform has yet to be 
developed. Eleven research papers concerning genetic manipulation through 
CRISPR/Cas in ornamental plants have been collected from previously published 
research articles (Table 14.1). Specialized application of CRISPR/Cas such as base- 
editing has been reported for tomato [20]; however, any research generating muta- 
tions in horticultural plants other than tomato have not been reported using either 
the base-editing or prime-editing approaches yet. 


4 Making Horticultural Plants More Tolerant to Abiotic 
and Biotic Stresses 


Pathogens including bacteria, fungi, and viruses can cause a variety of diseases in 
plants. This hinders plant growth and development, which can result in significant 
losses and hence increase agricultural production costs. Nevertheless, plant toler- 
ance to biotic stresses can be significantly improved through the utilization of the 
CRISPR/Cas technology. 

Two separate strategies are utilized to develop virus-resistant plants: editing the 
virus genome and modifying the plant genes responsible for susceptibility to viruses. 
Viruses typically employ the transcription and translation machinery found in the 
host plant. Using CRISPR/Cas tools, sensitivity (S) genes may have their expres- 
sion altered to protect plants from viruses, for example by knocking off translation 
initiation factors. For example, producing bananas with endogenous banana streak 
virus resistance was made possible by the CRISPR/Cas9 technique [25] through 
introucing mutation in the integrative viral components that inhibited the transcrip- 
tion and translation of viral proteins in banana trees. An example of modifying plant 
genes to introduce more resistance is apple for which CRISPR/Cas9 RNPs were 
introduced into protoplasts to target the DIPM-1, -2, and -4 genes which are fire 
blight resistance inhibitors [26]. The benefit of this transient expression was revealed 
through a decrease in undesirable mutations. The MdDIPM-4 gene was also knocked 
out in apple plants by the other researchers. Surprisingly, the FLP/FRT recombina- 
tion system was used to eliminate the T-DNA harboring the expression cassettes for 
CRISPR/Cas9 from the genome of the transformed plants [27]. Also Citrus (Citrus 
sinensis orange and C. paradisi grapefruit) mutants were created by genome editing 
showing significant tolerance to Xanthomonas causing citrus canker [28, 29]. Citrus 
plants have the CsLOB/ gene, which makes them susceptible to Xanthomonas citri 
subsp. citri [30]. This gene’s promoter region contains elements necessary for the 
pathogenicity factor PthA4 of the bacterium to interact, which promotes the emer- 
gence of disease symptoms [31]. The PthA4 factor’s binding sites were edited using 
CRISPR/Cas9, which reduced the bacteria’s capacity to infect Citrus sinensis [29]. 
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The Wanjincheng orange variety’s CsLOB1 gene’s promoter region was altered 
using some vector constructs. The rate of identified mutations varies between 11.5% 
and 64.7% according to the structure. As a result, four canker-resistant citrus mutant 
lines were selected. Significant plant resistance was obtained when a complete dele- 
tion happened in the promoter region of CsLOB/ where the PthA4 effector binds. 
Both Cas9 and Cpfl have been used in similar investigations [32]. The CRISPR/ 
Cas9-mediated editing of the CsWRKY22 gene, which codes for a different tran- 
scription factor, was another strategy to improve the bacterial canker resistance in 
Wanjincheng orange [33]. Genome editing also helped in the development of mutant 
bananas containing the DMR6 gene that are resistant to the Xanthomonas bacteria- 
caused banana wilt [34]. Many plant diseases are brought on by fungal infections. 
The introduction of CRISPR/Cas9 technology has brought novel promises for 
breeding crops resistant to a variety of fungal diseases by altering pathogen- 
sensitivity genes. It is well known that plants’ sensitivity genes make it easier for 
pathogens to invade and infect them. For example, CRISPR/Cas9 has made possible 
to knock out the MLO-7 gene, which negatively regulates resistance to powdery 
mildew pathogen, Erysiphe necator, in grapevine [26]. RNPs were used to deliver 
sgRNA to plants, and the mutagenesis frequency was reported quite low (0.1-6.9%). 
The RNP-mediated editing approach has been developed in recent studies [35]. 
Three MLO gene mutations caused grapevine plants to be 77% less sensitive to 
powdery mildew [36]. Moreover, by the deletion of the WRKY52 gene, a Jasmonic 
acid pathway’s negative regulator, highly resistant grapevine plants to Botrytis cine- 
rea have been produced [37, 38]. A noteworthy number of sgRNAs targeting vari- 
ous sequences within the first exon of the WRKY52 gene, were generated, and it was 
discovered that mutations in two alleles of the gene were more protective against the 
pathogen than those in only one allele. It is helpful to employ genome editing to 
explain how certain genes contribute to bring resistance to a disease. For instance, 
through knocking out the pathogenesis-related protein 4b gene (VvPR4b), grape- 
vines became less resistant to Plasmopara viticola [39]. The VvPR4b gene produces 
the chitinase II-like protein which is required to stop hyphae development in 
P. viticola. 

The fungal pathogen Botryosphaeria dothidea infects apple plants, causing seri- 
ous damage. Increased response to this pathogen has been observed in apple calli 
after CNGC2 gene knockout [40]. Salicylic acid levels were found to be increasing 
at the same time as the expression of the gene encoding PR protein was still being 
inhibited. The gene CNGC2 was selected for targeted mutagenesis, but this was not 
the right alternative because mutations in this gene can have negative influences, 
like significantly reduced fertility. In another research, transient expression of the 
CRISPR/Cas9 in Theobroma cacao, the cacao plant, resulted in more resistant 
embryos and leaves against Phythophtora tropicalis [41]. The TcNPR3 gene was 
selected as the candidate for modification because it is an inhibitor of the defense 
mechanism. These findings support the outlook of cacao breeding for resistance to 
P. tropicalis. 
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It has been indicated that a Cipsk1 gene mutation makes watermelon plants more 
resistant to the fungus Fusarium oxysporum f. sp. niveum [42]. With CRISPR/Cas9 
technology, the alteration of the genes controlling the pathogen-sensitivity in plants 
seems to be an efficient and fast method to make resistant plants against viral, bacte- 
rial and fungal diseases. 

A few studies report that horticultural plants had been improved for abiotic stress 
tolerance using genome editing. As an example, the watermelon acetolactate syn- 
thase (CIALS) gene knocked out by CRISPR/Cas9, promoted the development of 
watermelons with herbicide tolerance [43]. The ALS gene was employed as an indi- 
cator for CRISPR/Cas9-mediated base editing, resulting in the development of her- 
bicide (chlorosulfuron) tolerant pear trees (Pyrus communis L.) [44]. Similar CsALS 
gene editing in orange (Carrizo citrange) led to the mutant varieties that were toler- 
ant to the herbicide imazapyr [45]. 

Therefore, editing the genomes of horticultural plants by CRISPR/Cas9 can be 
advantageous for developing crops resistant to a variety of (a)biotic stresses. 
Nevertheless, it seems essential to obtain stable mutants and completely study how 
genome editing influences traits and metabolic processes in plants. 


5 Editing of Phenotypic Characteristics 
of Horticultural Plants 


There are reports that genome editing can alter a variety of plant characteristics, 
including plant growth and morphology, fruit maturation time, fruit color, metabo- 
lism, and shelf life. The semi-dwarf banana plant (Musa acuminata “Gros Michel’) 
was produced through CRISPR/Cas9-mediated editing of the MaGA20ox2 genes 
regulating gibberellin biosynthesis [46]. The mutant plants displayed less growth 
than the wild-type plants, however thicker and deep-green leaves. The modified 
plants’ cells were structurally different compared to the wild-type plants. The find- 
ings of these works are crucial for the screening of dwarf banana genotypes because 
tall trees are susceptible to strong winds, which causes significant harvest losses. In 
grapevine plants, the targeted mutagenesis of the VvCCD8 gene resulted in more 
branches per shoot than in wild-type plants [47]. Plant phytohormones known as 
strigolactones prevent the development of axillary buds. The CRISPR/Cas9 editing 
system helped to functionally characterize the VvCCD8 gene’s role in the regulation 
of shoot branching. It is then planned to look into additional mechanisms for con- 
trolling the morphology and development of shoots in grapevines. In strawberry, it 
appeared feasible to produce white colored fruits using CRISPR/Cas9. The RAP 
(reduced anthocyanins in petioles) gene, which encodes a glutathione S-transferase 
enzyme, was targeted using CRISPR/Cas9 gene editing system [48]. This enzyme 
binds anthocyanins allowing them to move from the cytosol to the vacuole. It may 
be possible to produce strawberry types with popular white berries by editing the 
RAP gene. 


14 Genome Editing in Horticultural Plants: Present Applications and Future Perspective 239 


CRISPR/Cas9-mediated genome editing is also considered as an efficient method 
for enhancing the nutritional value of fruits by editing their genomes. By mutating 
the lycopene epsilon-cyclase (LCYe) locus, it was possible to produce bananas with 
higher levels of B-carotene [49]. The amount of B-carotene rose six-fold in the fruit 
pulp of the mutant lines, whereas the o-carotene and lutein levels considerably 
diminished. Limited efforts have been made to apply CRISPR/Cas9 to create plants 
with improved phenotypes in red raspberry (Rubus idaeus L.). The flavone 
3-hydrolase (F3’H), one of the important enzymes in flavonoid biosynthetic path- 
way, was knocked out in an investigation [50]. The gene MYB-/6-like, functioning 
as a prickle formation regulator in raspberries, was another candidate for editing 
[51]. However, in both examples, it proved challenging for researchers to develop 
new seedlings from the generated raspberry calli. 

Watermelon (Citrullus lanatus) seeds with mutations in the CIBG] (f-glucosidase) 
gene had smaller seeds but better emerging due to decreased abscisic acid levels 
[52]. This gene can influence seed size and germination, which is a crucial charac- 
teristic of watermelon breeding. In another research, the role of the genes involved 
in fruit ripening such as 1-aminocyclopropane-1-carboxylate oxidase 1 (MaACO1) 
was evaluated and its sequences altered using CRISPR/Cas9 to find a way to extend 
the shelf life of bananas [53]. The obtained mutants developed smaller fruits with a 
slower maturity (60 days in comparison with 21 days for control bananas), which 
improved the storage capacity. The modified banana fruits additionally contained a 
higher vitamin C content. The CTRJ-like, ROSI, and CmNAC-NOR genes in the 
melon (Cucumis melo var. cantalupensis) were knocked out employing CRISPR/ 
Cas9, resulting in the development of melons with prolonged maturation and a long 
shelf life [54-56]. Thus, the reviewed studies demonstrated the sustainability of 
utilizing CRISPR/Cas9 to modify numerous characteristics in horticultural plants, 
for instance to improve fruit color and flavor, alter ripening and storage times, and 
alter growth-related traits. 


6 Modification of the Flowering Period and Lifetime 


Some studies indicate that horticultural plants can have their flowering time, floral 
life span, and flower shape and color altered by employing the CRISPR/Cas9. The 
function of numerous genes in the formation of flowers and fruits has been success- 
fully identified in both wild and cultivated strawberry plants using the CRISPR/ 
Cas9 technology. Since auxins are essential to the development of strawberries, 
FveARF8 and FveTAA/ genes were modified resulting in homozygous FveARFS 
mutant plants with larger size and faster growth compared to the control plants [57]. 
Furthermore, mutations in FaTM6 and FveSEP3 strawberry genes resulted in par- 
thenocarpy and an inaccurate fruit phenotype, as well as abnormal petals, anthers, 
and pollen grains [58, 59]. Thus, it has been demonstrated how these genes contrib- 
ute to the growth of strawberry flowers and berries. 
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The flowering mechanisms of fruit plants can be manipulated with the use of 
genome editing. Growth traits have been manipulated in tomato to alter fruit devel- 
opment and flowering patterns. The transcriptional cofactors encoding genes such 
as BLADE-ON-PETIOLE (BOP) in tomato, can influence the inflorescences struc- 
ture, and gene editing can be used to reduce the number of flowers per inflorescence 
by editing SIBOP genes [60]. Rapid flowering and early harvest are induced by 
CRISPR/Cas9-mediated targeted mutagenesis in the flowering inhibitor SELF- 
PRUNING 5G [61]. Editing the coding sequences of SIDML2 [62], SIORRM4 [63], 
the RIN locus [64], or the cis-regulatory domain of S/CLV3 [65] also affects the fruit 
development and ripening. The characteristics of the wild tomato relative (Solanum 
pimpinellifolium) were significantly altered by multiplex targeting of many genes 
crucial for tomato domestication, resulting in mutants that resembled domesticated 
tomatoes [66, 67]. Apple and pear mutant plants were obtained via knocking out of 
the TFL/ flowering repressor gene [68]. Only a few pear mutant plants (9% of all) 
but many apple mutant tree lines (93%) showed early flowering. Genome editing 
was used to clarify the significance of the AcCen4, AcCen, and SyG/ genes role in 
delaying flowering in kiwifruit plants (Actinidia chinensis) [69, 70]. So there is a 
chance to get horticultural plants that flower earlier, which would decrease the 
period it takes for them to yield fruit. Likewise, in blueberry (Vaccinium corymbo- 
sum L.) plants, gene editing was performed on the gene CENTRORADIALIS (CEN) 
[71]. Based on the evidence for TFLI/CEN-like genes in kiwifruit, pear, and apple, 
the researchers hypothesized that the knocking out of this gene would result in early 
flowering [68-70]. However, attempts to use CEN gene editing to influence blue- 
berry plant flowering were ineffective. Moreover, compared to the control plants, 
mutant plants grew far more slowly. Additional examination are yet to be done to 
explain the dwarf phenotype resulted in these mutant seedlings of CEN-edited blue- 
berry plants [71]. 

Genes that control aging and corollas color in petunias, gentian, lily, ipomoea, 
chrysanthemum, and orchids have been studied by some researchers using genome 
editing [40, 72-89]. For instance, plants of the petunia cultivar “Mirage Rose” have 
been modified targeting the PhACO/ gene, which regulates the biosynthesis of the 
hormone ethylene [86]. As a result, petunia plants with less ethylene synthesis and 
flowers that lasted longer were developed. In Japanese morning glory (Ipomoea nil, 
“Violet’) plants, the EPH/ gene, a regulator of petal aging, was also knocked out to 
decrease flower wilting [76]. The problem of altering the color of flower corollas in 
ornamentals has been the center of many investigations. The genes carotenoid 
cleavage dioxygenase 4 (CCD4) and dihydroflavonol-4-reductase (DFR) were 
knocked out in Jpomoea nil plants [84, 85], which allowed for the modification of 
flower color. One of the key enzymes responsible for the production of flavonoids, 
flavone 3-hydrolase (F3’H), was knocked out by another study [74]. As a result, 
Torenia fournieri’s flower color converted from bright blue to white. In another 
research, the essential enzyme of carotenoid synthesis, PDS, was mutated, resulting 
in the creation of mutant Lilium pumilum and L. longiflorum with chimeric mor- 
phologies and different flower colors [87]. CRISPR/Cas9 gene editing has only 
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been used in a few orchid species [73, 83]. Hence, it has been demonstrated that it 
is possible to modify horticultural plants’ flowering time, flower color, and flower- 
ing period using the CRISPR/Cas9 technology. 


7 Conclusion 


CRISPR/Cas9 technology has so far demonstrated its efficacy to modify horticul- 
tural plant genomes. The genomes of these plants have been edited to regulate the 
period of fruit ripening and flowering, to increase plant resistance to biotic and tol- 
erance to abiotic stresses, and to enhance the characteristics related to plant growth 
and fruit flavor. Better editing and transcription-activation techniques as well as 
improved enzymes for more effective genome editing are now available for the 
development of novel types of horticultural plants. 
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Abstract Grain legumes are prized for their high protein content and abundance of 
phytochemicals, which are essential in the human diet. Scientists have made signifi- 
cant advancements in discovering novel genetic features in legumes, including, but 
not limited to, productivity, tolerance/resistance to various environmental stresses, 
and improved nutritive value. The contemporary surge in genetic resources of grain 
legumes has facilitated the integration of advanced molecular breeding techniques 
such as transgenic methodologies, genome modification, and genomic selection, to 
augment the crop’s overall performance. This chapter discusses the application of 
CRISPR/Cas9-based genome editing tools for the improvement of grain legumes. 
Furthermore, it elaborates upon the latest developments in plant-specific genetic 
modification techniques, while also addressing the challenges and prospective ben- 
efits that come with enhancing grain legumes with significant agronomical attri- 
butes. Genome editing techniques have been proficiently employed in diverse 
legumes, encompassing model legumes such as Medicago, alfalfa, and lotus, along- 
side other widely cultivated legumes like soybean, cowpea, and chickpea. The 
advent of gene-editing methodologies in legume breeding has presented exciting 
opportunities for enhancing important agronomic characteristics. 


1 Introduction 


Legumes, comprising over 19,500 species and 751 genera, are the third-largest 
angiosperm family [1]. They encompass a diverse range of food crops that are cru- 
cial sources of plant-based proteins and essential amino acids. Grain legumes play 
a crucial role in agricultural sustainability by promoting soil fertility through sym- 
biotic nitrogen fixation (SNF) and the discharge of abundant organic matter into the 
ground. Notwithstanding their environmental benefits and health advantages, poor 
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productivity has impacts on legume agronomy. The implementation of innovative 
approaches like genomics-assisted selection (also known as marker-assisted selec- 
tion or genomic selection) and genome editing can help address the challenging 
problem of boosting productivity and reliability. 

Over the course of the past 10 years, significant advancements have been achieved 
in the sequencing of the genomes of leguminous crops. The draft genomes and tran- 
scriptome data of about 35 different legume species have been substantially assem- 
bled [2]. To select for intricate traits and generate better cultivars of grain legume 
crops, these genomic resources are proving invaluable [3]. The detailed assessment 
of the application of marker-assisted backcrossing (MAB), marker-assisted selec- 
tion (MAS), and genomic selection (GS) techniques for improving the production 
of legume crops have been exhaustively investigated [3-5]. This chapter focuses on 
the latest developments in genome-editing technology and its efficacy as a precision 
breeding method for improving leguminous crops. 

Genome editing involves making use of engineered nucleases and the inherent 
DNA repair mechanisms of cells to effectuate accurate and tailored modifications to 
an organism’s genetic makeup. The conception of gene-editing techniques com- 
menced approximately thirty years ago, following the important revelation that tar- 
geted double-stranded breaks can be instigated in chromosomes using a 
meganuclease, namely I-Scel [6]. The effective use of meganucleases in genome 
editing was constrained by the limited number of target regions in the majority of 
genes. With the arrival of customizable zinc finger nucleases (ZFNs) [7] and tran- 
scription activator-like effector nucleases (TALENs) [8], the development of effec- 
tive genome editing technologies witnessed a major acceleration. The remarkable 
progress in this state-of-the-art methodology was attained by successfully incorpo- 
rating RNA-guided Cas9 nuclease, which originates from the type II prokaryotic 
clustered regularly interspaced short palindromic repeats (CRISPR) adaptive 
defense mechanism, to facilitate genetic modification in eukaryotic organisms 
[9, 10]. 


2 Genome Editing Technology 


The implementation of genome editing is a groundbreaking technological innova- 
tion that has the potential to significantly advance the field of plant biology and 
agricultural breeding [11]. This method relies on site-directed nucleases (SDNs) 
such as meganucleases, ZFNs, TALENs, and the CRISPR/Cas system [12, 13]. The 
CRISPR/Cas system’s growing popularity in genome modification tool develop- 
ment can be attributed to its simplistic nature and facile manipulability [14]. The 
fundamental CRISPR/Cas mechanism necessitates the presence of two integral con- 
stituents: a Cas endonuclease, such as Cas9 or Cpfl, and a guide RNA (gRNA) [15, 
16]. The gRNA may be directed to bind to the desired DNA sequence and then use 
the Cas nuclease to create a double-strand break (DSB) at that specific location. The 
predominant mechanism for DSB repair in plants is the non-homologous end 
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Joining (NHEJ) pathway, which is known to be error-prone and often results in the 
insertion or deletion of bases, leading to genetic changes at the site of repair [16]. 
Thus far, a multitude of base and prime editor tools have been devised leveraging 
CRISPR/Cas technology to achieve greater precision in the editing process [17]. 

Many Cas9 variants have been synthesized that exhibit great fidelity, including 
those with paired nickase, point mutations, chimeric dCas9-FokI, etc. These modi- 
fied Cas9 variants have cleavage activity with decreased off-target effects (refer to 
www.addgene.org). Thus choosing an appropriate Cas9 endonuclease variant is 
important yet difficult. With the use of these editing tools, breeders can manipulate 
target genes in the way they want to boost crop production and quality, endurance 
to biotic and abiotic stress, and herbicide resistance [11]. As a result, genome edit- 
ing is seen as the breeding approach of the future. 

The approval of the commercialization of genome-edited crops necessitates a 
framework of legislation and regulation [18]. Genome editing generates minor 
indels, base-pair changes, and targeted short sequence modifications by homology- 
directed repair (HDR), which are identical to those caused by natural mutations. As 
a result, in several countries, these sorts of mutants are not classified as genetically 
modified organisms (GMOs) and hence are excluded from GMO restrictions 
[19, 20]. 


3 Limitations in Genetic Modification of Legumes 


The availability of a suitable genetic transformation protocol to introduce DNA into 
the plant is a prerequisite for achieving a fruitful plant transformation. Most of the 
grain legumes are grouped as recalcitrance to in vitro regeneration and transforma- 
tion [21]. This phenomenon is further compounded by the intricate fact that only 
certain tissues (immature cotyledons, mature cotyledons with embryonic axis, 
embryonic axis or hypocotyl) within leguminous crops exhibit the ability to trans- 
form, while others possess the capacity for regeneration. It is noteworthy that these 
two distinct events do not invariably manifest within the same tissue. Achieving 
successful in vitro rooting can be a significant obstacle, particularly for legumes 
with large seeds. The impediments to large-scale transformation in legumes include 
method specificity and other factors. Traditional methods of genetic transformation 
are inadequate for achieving optimal results. Nevertheless, regeneration procedures 
for several legumes have not been successful, mostly because of poor in vitro roots 
during regeneration. It has been posited that conventional breeding methods are 
insufficient in tackling these obstacles [22, 23]. 

The development of efficient transformation techniques is crucial for validating 
the role of genes in targeted crops [24]. Various methodologies, including sonication- 
assisted Agrobacterium transformation, have garnered attention as a means to aug- 
ment the genetic transformation procedure in leguminous plants. Improving the 
pace of genetic transformation in leguminous crops can be achieved through signifi- 
cant approaches such as optimizing explant, improving the affinity of host plant 
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Interaction, and refining culture media additives [25]. Additional research is neces- 
sary to explore the barriers to legume transformation and potential remedies. 
Advancements in the field of molecular science are expected to generate novel ideas 
and provide insights into the rapid enhancement of legume transformation rates. 

The Agrobacterium-mediated transformation method is the primary means of 
genetic modification for the majority of grain legumes, with the biolistic method 
being utilized in a limited number of instances. Of the various grain lesumes, 
genetic modification has been successfully achieved in soybean, and the CRISPR/ 
Cas9 system has also been extensively utilized [26]. Nevertheless, the utilization of 
CRISPR/Cas9 technology has the potential to overcome these limitations and obsta- 
cles [27]. The development of reliable and repeatable regeneration techniques 
results in the commercially successful production of several species of genetically 
engineered grain legumes. 


4 Application of CRISPR/Cas9 in Grain Legumes 


The CRISPR-mediated gene-editing technique has been successfully applied to 
various legumes, such as soybean, chickpea, lentil, and Medicago truncatula, 
among others. Leguminous plants are cultivated extensively across the globe. The 
implementation of CRISPR/Cas9 technology has demonstrated enhancements in 
crop productivity, quality, and resilience against both biotic and abiotic stressors. 
Legume species domestication has been extensively researched, and currently, 
the CRISPR/Cas9 mechanism is being employed in the process of domestication to 
introduce and enhance diverse characteristics. It is anticipated that the forthcoming 
process of crop domestication shall witness a significant acceleration, with the aid 
of CRISPR/Cas9, which shall effectively enhance numerous crop traits of commer- 
cial significance [28]. In recent times, there have been major advances in improving 
the nutritional value of legumes through the application of CRISPR/Cas9 technology. 


4.1 Medicago truncatula (Alfalfa) 


A forage crop, Medicago truncatula is used as a model crop due to its self-fertility, 
short life cycle, relatively simple transformation, diploidy, and smaller genome,. It 
is an excellent model for studying the molecular and physiological bases of legumi- 
nous crops. The CRISPR/Cas9 system exhibits a sub-optimal level of efficacy when 
applied to the polyploid alfalfa genome such as the tetraploid M. sativa and M. fal- 
cata. For effective gene editing in alfalfa, an improved CRISPR/Cas9 gene-editing 
system will be required. The MsSGR gene of M. truncatula has been effectively 
edited using CRISPR/Cas9. The outcomes indicated substantial differences in 
colour among the mutants. The presence of colour variation plays a crucial role in 
the attraction of insects and birds, thereby facilitating successful pollination. The 
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experimental results indicated that mutations exhibited a greenish colour and sug- 
gested that the CRISPR/Cas9 method of knocking out alfalfa genes holds signifi- 
cant potential for future research [29]. Bottero and colleagues employed the 
CRISPR/Cas9 system to modify the NOD26 gene in alfalfa to enhance protein lev- 
els [30]. Phytoene desaturase (PDS) genes are a popular choice among researchers 
due to their easily observable phenotypic traits, which can be used to assess the 
efficacy of CRISPR/Cas9 gene-editing tools. Meng and Haji [31] devised a CRISPR/ 
Cas9 mechanism to induce specific changes in the MtPDS gene of M. truncatula. 
Their findings revealed that out of 309 To transgenic plants, 32 displayed the albino 
phenotype. Sixteen of these 32 transgenic plants were arbitrarily chosen for sequenc- 
ing, and the results confirmed that all the tested albino plants had alterations in the 
intended region of the MtPDS gene. The genome-wide association studies (GWAS) 
employing CRISPR/Cas9 were carried out to study the function of potential genes 
for nodulation in M. truncatula [32]. Additionally, Trujillo et al. [33] and Wang 
et al. [34] have conducted mutational studies on five different nodule-specific PLAT 
domain (NPD 1-5) and nitrate peptide family (NPD) genes. 


4.2 Glycine max (Soybean) 


Soybean (G. max (L.) Merr.) holds significant value as a crop for its oil and protein 
content, making it a prime candidate for genetic enhancement through the CRISPR/ 
Cas9 technology [35]. The soybean plant is a diploid species that has undergone an 
evolution from a palaeotetraploid ancestor. The soybean genome exhibits signifi- 
cant duplication, thereby presenting a significant barrier to conventional genetic 
methodologies aimed at elucidating gene functionality. One of the difficulties 
encountered in soybean transformation is the limited efficacy of Agrobacterium- 
mediated techniques, which is influenced by the type of tissue or cultivar used. 
Consequently, Agrobacterium rhizogenes-mediated hairy root transformation has 
acquired significant attention since it can be used to efficiently assess the effective- 
ness of gRNAs before the whole-plant transformation. This is due to the prompt 
way of obtaining transgenic hairy roots, which can be obtained in a matter of weeks 
[36]. In 2015, there were multiple reports of the effective utilization of the CRISPR/ 
Cas9 technology for gene-editing purposes in soybean [37—40]. After these prelimi- 
nary accomplishments, soybean researchers have attempted to improve gene-editing 
technology. Di et al. [41], for instance, used eleven different GmU6 promoters to 
determine which would be the most effective for driving gRNA expression in soy- 
bean hairy roots and found that the GmU6-8 and GmU6-10 promoters were the 
most active in improving editing efficiency (20.3% and 20.6%, respectively) than 
the rest of the nine GmU6 promoters (ranging from 2.8% to 17%). Additionally, the 
CRISPR/Cas9 technique has been effective in targeting three GmLox genes 
(GmLox1, GmLox2, and GmLox3) that encode three lipoxygenases (LOX1, LOX2, 
and LOX3) that produce a beany flavour that limits human intake [42]. They 
observed that the associated lipoxygenase activities had been eliminated in 60 
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To-positive transgenic plants harboring various seRNAs and mutations (two of them 
are triple mutants and one is a double mutant). Li et al. [36] employed the CRISPR/ 
Cas9 methodology to modify the conglycinin (7S) and glycinin (11S) storage pro- 
tein genes in soybean. The researchers observed gene-editing efficiencies of 5.8%, 
3.8%, and 43.7% for Glyma.20 g 148400, Glyma.03 g 163500, and Glyma.19 g164900 
genes, respectively. Furthermore, the manipulation of soybean plant architecture 
has been observed through the utilization of the CRISPR/Cas9 system. 

The study carried out by Bao et al. [35] involved the selective targeting of squa- 
mosal promoter-binding protein-like genes, namely GmSPL9a, GmSPL9b, 
GmSPL9c, and GmSPL9. The results of the study indicated that the T, double 
homozygous mutant sp19a/sp19b exhibited a reduced plastochron length. Also, it has 
been observed that T, mutant plants exhibit an increment in the number of nodes on 
the main stem as well as an increase in branch numbers. Zheng et al. [43] described 
simple binary vector systems using Cas9 and egg cell-specific promoters (ECp). 
The two genes, GmAGO7a and GmAGO7D, which encode ARGONAUTE7 (AGO7), 
were specifically targeted due to their significant role in regulating leaf patterns in 
soybean. Their findings indicate that the promoters can generate mutations and that 
it is possible to obtain several distinct mutations independently. Virdi et al. [44] 
conducted a study wherein they employed CRISPR/Cas9 mutagenesis to generate 
several knockout alleles including one in-frame allele for the /-ketoacyl synthase 1 
(KASI) gene, which is involved in the conversion of sucrose to oil. The findings of 
the study revealed that the function of the genes was lost. 

Because of the importance of Soybean, a substantially higher number of CRISPR 
studies have been conducted on it compared to other legumes. These studies primar- 
ily focus on modifying its nutritional value and plant architecture, specifically leaf 
patterns and nodule numbers. Nonetheless, the establishment of stable soybean 
genetic transformation remains elusive due to the recalcitrant nature of this crop 
towards transformation. The enhancement of transformation efficiency has the 
potential to propel CRISPR research in soybean toward subsequent genetic research, 
owing to its efficiency, multiplex editing, and high-throughput mutagenesis capabil- 
ity [35]. 


4.3 Cicer arietinum (Chickpea) 


Chickpea is a crop of significant commercial importance on a global scale. The 
application of genome-editing techniques presents a viable solution for addressing 
the challenges encountered during its cultivation. Badhan et al. [45] conducted a 
study with the objective of editing genes associated with drought tolerance, namely 
4-coumarate ligase (4CL) and Reveille 7 (RVE7), using CRISPR/Cas9 technology 
in chickpea protoplasts. The results suggested that the knock-out of the RVE7 gene 
displayed a high level of editing efficiency in vivo. The findings of this study 
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indicate that the utilization of protoplasts enables the application of the CRISPR/ 
Cas9 DNA-free gene editing technique for enhancing drought tolerance in chickpea 
genes. This study represents the initial and singular instance in which CRISPR/Cas9 
gene editing has been employed in chickpea research. 


4.4 Arachis hypogea (Peanuts or Groundnut) 


Groundnut is an important leguminous crop that exhibits a notable concentration of 
oleic acid. One of the primary breeding goals for peanuts is to increase their oil 
content. The oil possesses significant industrial utility and benefits, such as pro- 
longed shelf life and antioxidant properties. The CRISPR/Cas9 gene-editing system 
was leveraged in a study that edited the ahFAD28 gene, which is responsible for the 
conversion of oleic acid to linoleic acid in fatty acids. The CRISPR/Cas9 system has 
effectively modified the gene to introduce desirable traits. The targeted mutation of 
this gene was achieved using groundnut protoplast and culture [46]. In a separate 
experiment, the utilization of the CRISPR/Cas9 tool was explored to edit the aller- 
gen gene (Ara h 2) in peanuts. The altered version of this gene resulted in enhanced 
nutritional qualities of peanuts for individuals with peanut allergies. Shu et al. [47] 
performed a study wherein CRISPR/Cas9 was employed to investigate the func- 
tions of Nod factor receptors (NFRs) in peanut nodule formation, particularly in the 
initiation of a symbiotic relationship with rhizobia. The mutants that underwent 
editing to contain two AhNFRS genes exhibited a Nod-phenotype. Conversely, the 
mutants that were picked for containing two AhNFR/ genes were still capable of 
forming nodules following inoculation. 


4.5 Vigna radiata (Mungbean) 


Given the current accessibility of complete genome sequencing and the extensive 
collection of 1481 mung bean entries that have undergone comprehensive evalua- 
tion for different agronomical characteristics [48], there exists a significant oppor- 
tunity for harnessing CRISPR/Cas9 gene editing in mung bean breeding initiatives. 
The successful implementation of CRISPR/Cas9-mediated gene editing in cowpea 
(V. unguiculata) has been reported, wherein a symbiosis receptor-like kinase gene 
was targeted to disrupt symbiotic nitrogen fixation [49]. The efficacy of CRISPR/ 
Cas9 in a Vigna system implies the potential applicability of genome editing in 
additional species, such as mung bean. The initial objectives for gene editing in 
mung bean would encompass resistance to diseases and other desirable traits. The 
development of mung bean cultivars that exhibit resilience to fluctuating climate 
conditions would facilitate the global expansion of mung bean agriculture. 
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4.6 Vigna ungiculata (Cowpea) 


Cowpea is a leguminous crop that is well-suited for cultivation in warm and arid 
regions [50]. It is considered as an orphan grain legume. Globally, the production of 
cowpeas increased from 9.7 MT in 2009 to 14.4 MT in 2019. Cowpeas exhibit a 
protein level of 25% by dry mass and exhibit a high-lysine content, thereby enabling 
them to serve as complementary dietary ingredients in cereal crop-based diets. 

The recalcitrance of cowpea towards transformation has been observed to impede 
the regular application of CRISPR/Cas9 techniques. Che et al. [51] have reported 
enhanced transformation efficiencies ranging from 4.5% to 37% across nine cowpea 
varieties. Che and associates employed a CRISPR/Cas9 framework that drives the 
expression of Cas9 under the control of soybean elongation factor (GmEF1A2) pro- 
moter and a gRNA under the promoter of VuU6 to generate a total of 35 T, plants. 
Che and colleagues specifically targeted the VuSPO11-J gene to facilitate the pro- 
duction of asexual plants that are suitable for hybridization. Juranić et al. [52] 
designed a transient approach to evaluate CRISPR/Cas9 constructs within a 48-h 
timeframe using Agrobacterium infiltration of detached leaflets, as a means of sur- 
mounting the challenge of testing such constructs in stable cowpea transformants. 


5 Conclusion 


Legumes have been a staple in human and livestock diets since ancient times. The 
uniqueness of these plants lies in their possession of multiple nutritional benefits 
and their ability to withstand various diseases. Population growth has exerted a 
major supply burden for these crops on the food supply network. Researchers are 
introducing new variations for various crop traits [53, 54]. The application of the 
CRISPR/Cas9 tool has become increasingly significant in contemporary genome 
editing, with potential implications for achieving global food security. This widely 
used tool demonstrates crop modification without the use of transgenes. Legume 
crop genome editing using the CRISPR/Cas system has not yet reached its full 
potential [55] and it is anticipated that CRISPR/Cas9 in combination with other 
molecular approaches would significantly improve legumes and increase their yield. 

CRISPR/Cas9 technology has undergone significant advancements, which have 
expanded the range of possibilities for accurately and effectively manipulating 
genes through genetic material addition or deletion. The utilization of CRISPR/ 
Cas9 technology presents innovative opportunities for the exploration of functional 
genomics and the enhancement of diverse characteristics in grain legume crops. The 
efficacy of genome editing in enhancing legume quality depends on the presence of 
proficient procedures for plant transformation and complete plant regeneration, as 
well as a favorable regulatory framework and substantiation of societal endorse- 
ment of gene-edited crops. 
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Chapter 16 A) 
Genetic Improvement in Leguminous gei 
Crops Through Genome Editing 


Aida Dervishi, Muhammad Waqas Choudry, Rabia Riaz, and Allah Bakhsh 


Abstract Leguminous crops belong to the Fabaceae family, known for their high 
nutritional properties and use for human and livestock consumption and for their 
ability to symbiotically fixing nitrogen which plays an important role in soil enrich- 
ment and sustainable agriculture. Over the years the genetic improvement of 
legumes has been carried out using conventional techniques of breeding based on 
the QTL and MAS selection mainly to increase the yield. Genome editing tech- 
niques have been successfully used in different legume crops, mainly on model 
crops and grain legumes such as chickpea, soybean and cowpea. The recent 
advancement in gene editing tools such as CRISPR-Cas technology contributed to 
the improvement of important agronomic traits in legume species and provide a 
great potential for studies of the traits such as tolerance to biotic and abiotic stress, 
increased yield and improvement of seed content chave recently been introduced 
in legumes utilizing genome editing tools. This chapter provides an overview of 
the main developments in genetic improvement methods applied and the achieve- 
ments so far achieved in leguminous crops. Further studies aiming at the genetic 
improvement of minor or underutilized legumes are pivotal and a challenge in 
the future. 
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1 Introduction 


1.1 Nutritional and Ecological Value of Leguminous Crops 


Legume is any plant species of Fabaceae (Leguminosae) family which constitutes 
5% of the total 400,000 plant species known so far on earth. The term ‘legume’ has 
derived from Latin word Legūmen that means “beans inside pods”. The Fabaceae 
family constitute major “founder crops”, the ones domesticated earliest in known 
human history [1]. Among the “Big Eight’ founder crops’ group that known to be 
cultivated as early as 10,000 BC, four are legumes including; Pea (Pisum sativum), 
chick pea (Cicer arietinum), lentils (Lens culinaris), and bitter vetch (Vicia ervilia) 
[2]. Legume cultivation holds key importance in terms of worldwide grain food and 
forage production demands. The edible seed fruits of any leguminous plant are gen- 
erally termed as pulses. The commonly cultivated grain legumes among the 20,000 
worldwide distributed species are; common bean, faba bean, pea, chickpea, cowpea, 
pigeon pea, lentils, peanut, grass pea and horse gram [3]. According to Food and 
Agriculture organization (FAO) 2018 stats, common bean (dry bean) was the most 
cultivated grain legume worldwide with 34.5 million hectares of total cultivation 
area followed by chickpea (17.8 million ha) and cowpea (12.5 million ha). The 
estimated grain legume production exceeded 92 million tons worldwide. The major 
portions of grain legumes production are coming from India, China, Canada, 
Australia, USA, Brazil, Argentina and Russia. India is the largest producer of grain 
legumes contributing 1/4th of the total global production [4]. In Europe, soybeans, 
faba beans and field peas are presently the most cultivated legumes. Particularly, 
soybean production has dramatically increased in the last decade because of its high 
demand in livestock feed. According to European Commission (EC) reports, 
943,000 ha of land was under soya cultivation in 2019 and expected to increase by 
44% by 2030. However, only 43% of the total legume consumption in Europe is 
indigenously produced [5]. 


Nutritional Impact The United Nations celebrated 2016 as “International year of 
Pulses” to highlight the importance of nutritious seeds produced by legumes. Grain 
legumes are also sometimes referred to as ‘poor man’s meat’ because of the high 
protein content they possess. The storage proteins in pulses make them the richest 
plant-based source of proteins which vary from 16-50% of the total dry weight. 
Along with this high protein content, the presence of adequate amounts of dietary 
fibers, vitamins, complex carbohydrates, sugars, minerals, and fatty acids making 
legume seeds as one of the healthiest foods sources [6]. Beans also contain some 
of the non-nutritional phytochemicals such as phytosterols, polyphenols, trypsin 
inhibiters, phytate, lectin and saponins. Some of these non-nutritional components 
of legume grains have been termed as anti-nutrients which means making nutrients 
less available in the body. This may result from reduced digestion, absorption, and 
bioavailability of nutrients. Enzyme inhibitors like trypsin/a-amylase inhibitors 
block the active site of these enzymes and hence no digestibility. Further, lectins 
are found to interfere with nutrients absorption in the small intestine by attaching 
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specific epithelial cell receptors [7]. However, in recent research, these phytochem- 
icals are found to play a critical role in body's normal homeostasis through their 
antioxidant and anti-inflammatory activities [8]. Also, the consumption of pulses in 
daily diet is found to prevent cardiovascular diseases, obesity and type 2 diabetes 
control, as well as reduce risk of certain cancers including prostate and breast 
cancer [9]. 


Ecological Impact The members of the Fabaceae family are well known for their 
agronomic and ecological role related to their ability to fixate nitrogen [1]. They 
possess specialized structures in their roots called ‘nodules’. Root nodules are sym- 
biotic association structures that develop in the root hairs of leguminous plants with 
diazotrophic rhizobia through a complex bilateral signaling pathway initiated in 
nitrogen deficient soils. Rhizobia are a group of gram-negative bacteria that colo- 
nize root hairs in a host specific manner and fix gaseous atmospheric nitrogen into 
a usable form (i.e., ammonia) for plants. Diazotroph is any bacteria or archaea that 
assimilates atmospheric nitrogen into usable form. This process of harvesting gas- 
eous nitrogen by the rhizosphere rhizobium colonies is termed biological nitrogen 
fixation (BNF). The symbiotic association is a two-way relation as the bacteria liv- 
ing in root nodules feeds upon the carbon-rich metabolites produced by the host 
plants. Moreover, legumes cropping has also been found to improve the soil struc- 
ture (i.e., water retention), nutrients bioavailability (i.e., phosphorous mobilization) 
and breaking disease cycles through the activities of these rhizobial communities in 
root nodules. These unique features of legume crops play a critical part in maintain- 
ing soil health and adequate soil-nitrogen levels thus reducing the needs of artificial 
nitrogen fertilizers and pesticides. Further, this capacity of legumes has been exten- 
sively utilized in crop rotation systems for sustainable use of agricultural land, miti- 
gating the Greenhouse gas (GHG) emissions and enhanced carbon sequestration 
processes [4]. The term ‘crop rotation’ refers to the process of growing different 
crops on the same land area in a specific sequence cycle so to maintain soil fertility, 
rhizosphere microbial diversity, nutrients availability and resistance to plant pests. 
It has been found that legumes rotation with cereal crops reduces greenhouse gas 
emissions by 5—7 times compared to non-legumes cultivation [5]. 


Challenges in Production Despite all these advantages global legumes cultivation 
has declined over the last few decades. According to FAO stats of 2015, only in 
Europe, the legumes cultivation area was reduced to 1.8 M ha from 5.8 M ha that 
was recorded in 1961 [10]. This decline in production was mainly attributed to the 
socio-economic factors and to the limited yield of the legumes in the field. 
Inconsistent yields effect the profitability of the crop in comparison to other crops 
grown at the same season [11]. Legumes output value is highly variable per unit of 
area and relatively low as compared to major cereals like rice, wheat and corn [12]. 
Pea crop, for example, has observed variability in market outputs ranging between 
25-78% in Europe [10]. This low profitability of legumes is highly associated with 
unstable production yields rather than market prices. The factors limiting the pro- 
duction yields include both; (i) abiotic stresses i.e., salinity, drought, low soil fertil- 
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ity, extreme temperatures, and (ii) biotic stresses i.e., bacterial/fungal/viral diseases, 
and other pests’ infestation. 


2 Improvement in Legumes 
2.1 Breeding of Legumes 


The economy-driven trends of extensive cereal breeding programs, after the green 
revolution, is one of the reasons for the lack of focus on legumes breeding and cul- 
tivation in the last few decades. Furthermore, conventional breeding of legumes is 
constrained by the limited genetic diversity of available germplasms, collection 
facilities, and reference genome databases [13]. The natural inclination of legumes 
towards self-pollination is the main factor of their germplasm relatively low diver- 
sity. Breeders, in general, screen and select the favorable combination of genes/ 
mutations in plant genotypes to provide the desired set of characteristics. This is 
done by the genome-wide screening of all the available wild and adapted germ- 
plasm of that species for the resistance against biotic and abiotic stresses [14]. Rapid 
advancement in genome sequencing and analysis technologies has helped breeders 
to link a variable phenotype in a population with a particular locus, termed quantita- 
tive trait loci (QTL). In the last decade, genome of around 35 legume crops have 
been sequenced along with complete transcriptome profile analysis [15]. The avail- 
ability of this huge genomic data has built into valuable tools for marker-assisted 
selection (MAS) for desired phenotypes in leguminous crops by employing various 
genetic markers including simple sequence repeats (SSR), single nucleotide poly- 
morphism (SNP), amplified fragment length polymorphism (AFLP), restriction 
fragment length polymorphism (RFLP) etc. [16]. 


2.2 Modern Genome Editing Tools 


After the discovery of restriction endonucleases and their successful use in making 
a recombinant DNA molecule, the term “Genetic Engineering’ came to limelight. 
Genetic engineering (GE) essentially means the introduction of a foreign genetic 
material, using restriction enzymes and ligases, in a suitable host to provide the 
desired trait [17]. Since its development, technology has been continuously utilized 
in the various fields of crop improvement, having a significant global impact. The 
transformation of CRY1 family genes from Bacillus Thuringiensis into crops for 
insect pest resistance is one of the mainstream success of GE technology so far [18]. 
The next development in applied genetics was the discovery of homing endonucle- 
ase (HEs) or meganuclease I-Scel encoded by mobile genetic elements (MGEs) of 
the DNA for recombination process [19]. These meganuclease generate double 
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stranded breaks at specific sites in the DNA and then breaks are repaired by natural 
DNA repair pathways such as Homology directed repair (HDR) or Non-homologous 
ends joining (NHEJ) repair depending upon the repair mechanism available in the 
given cell. This double stranded break repair is generally accompanied with inser- 
tions or deletions (Indels) of some base pairs leading to genome editing in a locus- 
specific manner [20]. The genome editing success by using meganucleases was 
limited because of low frequency of its recognition sites in the DNA [21]. To over- 
come this limitation synthetic genomic scissors, Zinc finger nucleases (ZFN) were 
developed in 2002. ZNF is a hybrid molecule containing DNA binding domains, 
zinc fingers (His,Cys2) and a nuclease domain of Fok1 endonuclease. These zinc 
fingers can be engineered to recognize specific sites in the genome and this capacity 
is being utilized for genome editing by engineering ZNFs for a specific DNA regions 
[22]. One of the limitations in using zinc finger nuclease (ZFN) technology was 
compromised specificity depending upon the flanking DNA sequence of the recog- 
nition sites, called context-dependent specificity. On the similar pattern, transcrip- 
tion activator like effector nucleases (TALENs) were developed by combing 
DNA-recognizing domains of transcription activator (TAL) like effectors with 
nuclease domain of restriction enzyme Fok! for site specific mutagenesis [23]. 
Despite similarity in basic concept, the major difference in TALENs and ZFNs is 
the frequency and accuracy of cleavage sites. Zinc finger domains recognize 3—4 
bases while TALENs has specificity to a single bases conferred by the repeat vari- 
able di residues (RVD) of TALE proteins’ DNA-binding domain making it possible 
to join several modules without interference in recognition sequence. Moreover, the 
design of TALENS is relatively simple making the DNA recognition and binding 
process less complex compared with ZFNs [24]. Now, coming to the most advanced 
genome editing tool termed as Cluster regularly interspaced palindromic sequences 
(CRISPR) — Crispr associated system (CAS) system. CRISPR-Cas genome editing 
system is tailored from the natural adaptive defense mechanism in most of the bac- 
terial and archaeal species against consecutive infections of bacteriophages. 
CRISPR are simply virus-specific sequences, termed ‘spacers’ and are placed 
between regularly clustered repeats present throughout the bacterial and archaeal 
genomes called CRISPR loci [25]. CRISPR Loci are associated with a set of spe- 
cialized proteins called CAS-proteins. These CAS proteins have highly specific 
nuclease activity mediated by RNA-DNA complementarity. The spacer sequences 
upon infection by bacteriophage got transcribed into crispr RNA (crRNA) and act 
as a guide for CAS protein to cleave the viral DNA and hence infectivity stops [26]. 
The adoption of this technology by artificially designing guide RNA (gRNA) and 
CAS protein constructs leads to an era of third generation genome editing. The 
RNA-DNA base pair complementarity makes CRISPR-Cas system more precise 
genome editing tool compared with ZFN and TALENs where protein-DNA interac- 
tion was used for targeting [24]. 

ZEN technology was employed in soybean to generate heritable mutations on 
Dicer-like 1 (DCL1) loci that lead to a defective miRNA precursor transcript pro- 
cessing [27], on Dicer-like 4 (DCL4a and DCL4b) loci for hairy root transformation 
by increasing the growth of lateral root [28]. TALEN technology have been 
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effectively used to improve seed nutritional characteristics, increasing oleic acid 
content in soybean [29] and peanut [30] or reducing linoleic acid content in soybean 
[31] by targeting fatty acid desaturase 2-1A (FAD2-1A) 2-1B, (FAD2-1B), and 
FAD3A gene family. TALEN was successfully applied in soybean to produce 
mutants by targeting Dicer-like2 gene [32]. 


3 CRISPR-Mediated Genome Improvement in Legumes 


CRISPR-Cas based genome editing is a relatively simple process requiring only a 
Cas9 endonuclease activity and a guide RNA (gRNA). The gRNA further consists 
of i) a crisper RNA (crRNA) that binds the target sequence and, ii) a transactivating 
RNA (tracer RNA) that mediates target recognition and cleavage. Some variations 
on the basic pattern may include the use of a different Cas-protein (i.e., Cas12a, 
Cas 13 etc.) with different Protospacer adjacent motif (PAM) requirements. PAM is 
2-5 bp sequence that flanks the target sequence to facilitates the Cas-protein bind- 
ings and is often a limitation to CRISPR-Cas system’s applicability [33]. The criti- 
cal steps in plant genomic improvement through CRISPR-Cas includes; (i) 
optimization of gRNA and Cas9 constructs, (ii) successful transformation/use of 
suitable delivery vehicle, (iii) detection of resulting mutations and, (iv) regeneration 
of mutated callus [16]. CRISPR-based genetic improvements have been extensively 
explored in various crops to generate mutations and then selection of high-quality 
cultivars. However, the lack of optimized protocols for the successful transforma- 
tion and regeneration of legumes plantlets from callus is a major barrier in their 
genome editing [34]. Browning of tissues are recalcitrant in-vitro rooting behavior 
are the key barriers in regeneration of many pulses [35]. Agrobacterium-mediated 
transformation using seed-tissues have achieved some of success in recent years, 
particularly in soybean [36] and model legumes Medicago truncatula and Lotus 
japonicus [37]. Other legume plants with successful reports of CRISPR-based edit- 
ing includes cowpea, pea, chickpea, alfalfa and peanut as mentioned in Table 16.1. 

Use of Cas9 variants to achieve diverse targeted sites, optimized guide RNA vec- 
tor constructs, multiple gRNA targeting the same gene or different genes at the same 
time [52], and development of regeneration protocols are key areas of research in 
legume genetic improvements. Further, ongoing regulatory debates are focusing on 
non-specific complementarity binding of gRNA and off-target cleavages which may 
result in unwanted effects in the host [50]. 
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Table 16.1 Genome editing of various legume crops for improved varieties 

CRISPR-based genome editing 

Sr | Legume 

no. | plant Desired trait Targeted genes | Results/mutation efficiency | References 

1 | Soybean | Increased GmF3H1, 44.44% mutation [38] 
isoflavone content | GmF3H2, & efficiency; stable 
and resistance to GmFNSII-1 inheritance; doubled 
Soybean mosaic isoflavone content in 
virus (SMV) leaves; reduction (1/3) of 

SMV coat protein 

2 | Soybean | Understanding the | GmFT2a, & Both genes collectively [39] 
flowering time & | GmFTSa regulate flowering time; 
adaptation to GmFT2a is critical for short 
diverse day conditions while 
environments GmFT5Sa for long day; 

GmFTSa is essential for 
adaptation in higher 
latitudes 

3 | Soybean | Improvement in GmFAD2-1A, & | 40% of null mutation [40] 
seed-oil GmFAD21-B founds for both genes; 80% 
composition increase in oleic acid 

content; and 1.3-1.7% 
decreased in linoleic acid. 

4 Soybean | Attempt to modify | Nine of the 3.8-43.7% mutation [41] 
storage-protein soybean seed efficiency; three of the 
composition of storage protein | genes namely, 
seeds coding genes Glyma.20 g 148400, 

were targeted Glyma.03 g163500, & 
Glyma.19 g164900 were 
successfully mutated 

5 Soybean | Improvement in GmSPLY, In T2, double homozygous _| [42] 
plant architecture | GmSPL9a, mutant for SPL9a/b showed 

GmSPL9b, & shorter plastochron length; 

GmSPL9c in T4 various mutations 
resulted in increased node 
number and branch number 

6 Soybean | Improved taste LOX1, LOX2, & | Triple gene mutant was [43] 

LOXx3 obtained; reduced 
lipoxygenase activity 

7 Cowpea | To develop asexual | Meiosis 4.5-37% of mutation [44] 
plant lineage controlling gene | efficiency in nine different 

VuSPO11-1 cowpea genotypes 
8 | Chickpea | Genome free 4CL, & RVE7 RNP complex-based [45] 


deployment of 
CRISPR in 
chickpea editing 
and understanding 
of drought 
tolerance genes 


successful editing of 
chickpea protoplast; 
76-79% mutation 
efficiency for RVE7; 2% 
mutation efficiency for 4CL 
gene 


(continued) 
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Table 16.1 (continued) 


CRISPR-based genome editing 


Sr | Legume 

no. | plant Desired trait Targeted genes | Results/mutation efficiency | References 

9 | Chickpea | Optimization of PsPDS 42% mutation efficiency [46] 

chickpea genome was achieved indicated by 
editing through albino phenotypes 
CRISPR-Cas 
10 | Pea Optimization of PsPDS 16-45% mutation [47] 
pea genome efficiency with different 
editing through vector constructs 
CRISPR-Cas 
11 | Peanut Oleic acid content | ahFAD2a, & G,;,T, a new mutation was | [48] 
ahFAD2b generated ahFAD2b which 
may result in high oleic 
acid content 
12 | Alfalfa | Achieving genome | uidA, & NOD26 | Successfully mutated GUS | [49] 
editing through with no activity; 11% 
CRISPR mutation efficiency was 
found in NOD26 gene 

13 | Alfalfa Understanding MsSPL8 Successful mutations in 3—4 | [50] 

genes associated MsSPL8 alleles; reduced 

with growth and leaf size and early 

biomass flowering; decrease in 

development internodal length and plant 
height 

14 | Bridsfoot | Identification of SYMRK 35% mutation efficiency [51] 

trefoil genes involved in with 2 biallelic 
symbiotic homozygous mutagenic 
association of N; events 
fixing bacteria in 
legumes 
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Chapter 17 A 
Soybean Improvement and the Role RETE 
of Gene Editing 


Nihal Öztolan Erol 


Abstract Soybean is a major agricultural crop that is used for food, feed, and 
industrial products. However, soybean production is facing several challenges, 
including pests, diseases, and environmental factors. In recent years, there has been 
a growing interest in using gene editing technologies to improve soybean traits. 
Gene editing technologies offer a promising new approach to improving soybean 
production and quality. 

Gene editing technologies can be used to precisely alter the soybean genome. 
There are a number of different gene editing technologies that can be used to 
improve soybeans. One of the most commonly used technologies is CRISPR/Cas9, 
which uses a protein called Cas9 to cut DNA at a specific location. This can be used 
to insert, delete, or modify genes. Other gene editing technologies include zinc fin- 
ger nucleases (ZFNs), and transcription activator-like effector nucleases (TALENSs). 
Gene editing technologies have the potential to revolutionize soybean breeding. 
This can be used to introduce new traits, such as resistance to pests and diseases, or 
to improve existing traits, such as yield and oil content. 

The use of gene editing technologies in soybean improvement is still in its early 
stages, but the potential benefits are significant. Gene editing technologies offer a 
more precise and efficient way to improve soybean production than traditional 
breeding methods. They also offer the potential to create new varieties of soybeans 
that are better able to meet the challenges of a changing world. 


1 Soybean Production and Its Economic Value 


Soybean is a very important crop that provides substantial oil and protein nutrition 
for the increasing human population. Soybean cultivation has been rooted back in 
ancient times c. 6000-9000 years ago, in East Asia [1]. Its massive production has 
reached its highest in the last century with the help of improving breeding 
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techniques. Soybean production has increased since 1961 from 20-30 million tons 
to 350 million tons per year [2]. 

Soybean is very rich in oil and protein compared to other members of the legume 
family. Therefore, it meets a considerable demand for animal feed and oil produc- 
tion. Over three-fourths of soybean by weight is used for feeding livestock, poultry, 
and aquaculture production, so some countries increasingly export soybean prod- 
ucts while others import to meet the demand for soybean-based animal feed. The 
rest is consumed by humans as an industrial oil, biofuel, food ingredients (lecithin, 
emulsifier, and proteins), and food (soy sauce, tempeh, soy milk, and tofu). Soybean 
is introduced as a rich protein source for plant-based diets as it consists of 40% of 
the dry matter including nine essential amino acids. Therefore, it is very important 
for the vegetarian and vegan diet, it provides high nutrition with its protein content 
[3]. Soybean seeds are the most important part of the plant, so throughout the 
domestication process, traits improving soybean seed quality and yield have been 
artificially selected for efficient utilization in the food industry and agriculture. 

Soybean domestication has led to a significant reduction in genetic diversity due 
to selective sweeps, resulting in the fixation of beneficial traits. Studies have shown 
that nucleotide fixation during soybean domestication and improvement has resulted 
in a reduction of genetic diversity compared to wild soybean populations. 
Furthermore, the fixation of key genes involved in the regulation of traits such as 
seed size, pod dehiscence, and photoperiodic flowering has played a crucial role in 
shaping the morphology and adaptation of soybean to different environments. These 
genetic changes have contributed to increased yield and better adaptation to a range 
of environmental conditions, making soybean a globally important crop. However, 
the reduced genetic diversity resulting from selective sweeps also raises concerns 
regarding the resilience and adaptability of soybean crops in the face of new and 
changing environmental challenges. 


2 Genetically Modified Soybean 


Genetic modification of an organism traces back to the domestication of organisms. 
However, public perception misinterprets this term and people think that genetic 
modification of organisms came out with the developments in biotechnology in the 
late twentieth century. Breeding practices have long been used by humans and are 
striking evidence of genetic modification. With the discovery of recombination 
techniques in bacteria, genetic modification techniques have been gradually 
improved over the years and used first in producing medicines and then crops. 
Recombinant DNA technologies are the fundamentals of genetic modifications 
in living organisms. Briefly, a target gene cassette-containing vector is transferred 
by a virus or a bacterium into living cells of an organism to insert a specific genetic 
sequence into that organism’s genome. The first genetically modified soybean was 
produced in the 1990s. Glyphosate-resistant soybean cultivation together with the 
glyphosate herbicide dramatically decreased labour that occurred due to tillage of 


17 Soybean Improvement and the Role of Gene Editing 273 


the soil, at the same time this dual application increased genetically modified soy- 
bean production. 

Despite its recalcitrant nature of regeneration under tissue culture techniques, 
several studies showed that soybean has been used for gene editing of flowering 
time, seed oil content, lateral root growth, and defence mechanism [4] (Table 17.1). 

Curtin et al. (2011) first published the research about hairy-root and whole-plant 
transformation mediated by Agrobacterium rhizogenes using the zinc-finger nucle- 
ase (ZFN) method to target DICER LIKE (DCL), RNA-DEPENDENT RNA 
POLYMERASE (RDR), and HUA ENHANCER! (HEN 1) genes in the root cells [5]. 


Table 17.1 Soybean traits and associated genes that are modified by gene editing techniques 
CRISPR/Cas9, zinc-finger nuclease (ZFN), transcription activator-like effector nucleases 


(TALEN), Agrobacterium tumafaciens, and bean pod mottle virus mediated transformations 


Gene editing 
Trait Gene technique References 
Pod shattering GmPdhl CRISPR/Cas9 [27] 
Determinacy GmTfil [33] 
GmSOC1 [35] 
GmLHY [32] 
Photoperiodicity GmFT2 [39] 
GmE2 [42] 
GmPRR37 [15] 
GmFKF1 [37] 
GmCPDK38 [43] 
Photomorphogenesis and flowering time | GmPHYA/ [38] 
GmPHYB 
Seed sugar transportation, seed oil and | GnSWEETIO [15] 
protein content 
Seed sugar transportation, seed oil and | GmMFT [48] 
protein content GmSTS [17] 
Stachyose content 
Rafinose content GmRS [16]/ [17] 
Lipoxigenase GmLox [15] 
Salt stress tolerance GmAITR [66] 
Seed size GmSSS1 [54] 
Seed thickness GmSTI] [74] 
GmDCL [5]/ [6] 
GmRDR ZFN [5] 
GmHENI1 ZFEN/TALEN 5] 
Fatty acid GmFAD2-1 [7]/ [8] 
Fatty acid GmFAD3 TALEN [9] 
Albino GmPDS TALEN [10] 
Drought resistance GmNFYA13 Agrobacterium [64] 
tumefaciens 
Seed hardness GmHs1 Agrobacterium [44] 
Seed size, biotic and abiotic stress GmFAD3 tumefaciens [53] 
resistance Bean pod mottle virus 
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They continued using the ZFN method to create double mutants of DCL/Ja and 
DCLIb for Agrobacterium rhizogenes-mediated whole-plant transformation [6]. 
ZFNs were also used to deliver multiple different DNA donors in the FAD2-1a locus 
(Glyma.10 g278000) by using a biolistic bombardment technique on immature 
embryo explants [7]. This research successfully regenerated fertile plants and trans- 
mitted the insert to the next generation. 

FAD2-la and FAD2-1b loci were mutated by using transcription activator-like 
effector nucleases (TALEN), to convert oleic acid into linoleic acid to increase the 
polyunsaturated fatty acid. The study used the hairy-root transformation method 
mediated by Agrobacterium rhizogenes [8]. The same research group also targeted 
FAD2-1a, FAD2-1b, and FAD3 to convert linoleic acid into oleic acid by using the 
TALEN technique and again successfully transformed soybean immature embryo 
explants [9]. 

Du et al. (2016) conducted a study to compare two gene editing techniques, 
TALEN and CRISPR-Cas9 in parallel with testing the transformation efficiency by 
using soybean-specific U6-10 and Arabidopsis-specific U6-26 promoters in soy- 
bean [10]. They targeted a gene encoding phytoene desaturase (PDS), a rate-limiting 
enzyme involved in the carotenoid biosynthesis pathway. Hairy root transformation 
mediated by Agrobacterium rhizogenes successfully resulted in mutated buds. The 
study suggested the usage of CRISPR/Cas9 with species-specific promoters to 
acquire a highly transformation-efficient, cost-efficient, and easy-to-construct trans- 
formation technique [10]. 

CRISPR/Cas9 technique outperforms other precise gene editing techniques by 
its cost-efficient and easily applicable features. This technique accelerates soybean 
breeding and supports soybean production. Cytoplasmic male sterility (GmAMS1/) 
[11], flowering time (LNK2) [12], seed oil content (GmFAD2) [13, 14]), seed lipox- 
ygenase, raffinose, and stachyose contents (GmLox, GmRS, GmSTS) [15-17], plant 
growth and structure (GmLHY and GmSPL9) [18, 19] are some of the traits, which 
have a significant role in soybean breeding, that were studied in the last decade. 

Investigation of causal alleles of certain traits has provided the most crucial infor- 
mation for gene editing applications. QTL mapping, using GWAS and linkage map- 
ping analysis, along with functional genetic mutations unravel the causative nucleotide 
changes. With the introduction of nucleic acid-cutting enzymes and nucleases, gene 
editing breathes new life into plant breeding by precise editing, and soybean breeding 
will definitely benefit from this transformative new breeding techniques. 


3 Agronomically Important Soybean Traits and the Use 
of Gene Editing 


Soybean breeding plays a crucial role in the production of soybeans around the 
world as it helps to develop soybean varieties that can adapt to different environ- 
mental conditions. By breeding soybean varieties that are good quality, and tolerant 
to various biotic and abiotic stresses, soybean production can be increased and sta- 
bilized. Additionally, breeding efforts have resulted in soybean varieties with 
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desirable traits such as high yield, improved nutritional quality, and enhanced oil 
and protein content, which are important for meeting the increasing demand for 
soybean products worldwide. Overall, soybean breeding has been instrumental in 
improving soybean production by developing varieties that are better adapted to the 
diverse environmental conditions in different regions of the world. A rapid and pre- 
cise gene editing might help to improve elite soybean varieties. Soybean improve- 
ment might be accelerated by introducing a non-synonymous mutation with the 
help of gene editing. 

Although trading and migrating routes had caused the dissemination of a certain 
type of cultivated soybean seeds towards Eastern Asia and North America, local 
landraces had provided efficient genetic resources for soybean breeding in adapta- 
tion to the environment. The idea of a single origin of soybean domestication does 
not completely explain the existence of allelic variation among cultivated varieties. 
Because local genetic diversity had provided location-specific causal alleles associ- 
ated with the traits of interest. Therefore, to improve plants’ yield capacity and seed 
quality in terms of oil and protein, there were several genes functionally identified 
to be responsible for plant architectural, physiological, and morphological changes 
in organs by using CRISPR/Cas9 method. 


3.1 Pod Shattering Resistance 


Pod shattering resistance, to prevent seed dispersal and yield loss, is an important 
agronomical trait that has come along with domestication [20]. Angiosperms 
develop their seeds within the fruit and disperse them when there is an abscission 
between pedicel and lemma. This decreases the harvest output and was taken under 
control by artificially selecting pod-shattering resistant plants. Four pod-shattering 
resistance-associated genes were identified in soybean: GmSHAT1-5, Pdh1, NSTIA, 
and Glyma09g06290. 

Dong et al., (2014) identified a causal polymorphism in the GmSHAT1-5 gene 
and the pod-shattering resistant domesticated soybeans, which were diversified 
from wild soybeans, derived from this single haplotype [21]. GnSHAT]-5 is respon- 
sible for the lignification of fiber cap cells in the pod ventral suture which causes 
thickening in domesticated soybeans. The sample collection included both Glycine 
max and Glycine soja varieties gathered from the seed bank of the Chinese Academy 
of Agricultural Sciences (Beijing). The pod indehiscent allele from Glycine max 
showed a 13-fold higher expression than Glycine soja. It seems like domestication 
significantly affects pod-shattering traits; however, this research did not reveal the 
origin of the indehiscent allele. 

Zhang and Singh (2020) identified a locus called NST/A, which showed epistasis 
with Pdh1. NSTIA was a NAC family gene, a paralog of GmSHAT1-5 [22]. Likewise, 
in NAC family transcription factors in Arabidopsis thaliana, a premature stop codon 
was identified to be responsible for gain-of-function mutation, where it provided 
pod shattering-resistance despite the existence of the Pdh1 allele [22, 23]. The inde- 
hiscent NSTJA allele was predominantly found in Southern China and Japan, this 
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implies that local wild cultivars in those regions were selected for the indehiscent 
NSTIA allele independent of low humid conditions. 

A genome-wide association study genotyped 211 soybean accessions including 
modern and wild cultivars collected from the National Center for Soybean 
Improvement of China by using NJAU 355 K SoySNP array containing 282,469 
SNPs. A quantitative trait locus was identified on chromosome nine and within that 
locus, a candidate gene Glyma09g06290 was found homologous to Arabidopsis 
thaliana basic helix-loop-helix, a gene responsible for silique dehiscence. 
Quantitative polymerase chain reaction analysis also indicated that the 
Glyma09g06290 gene was highly expressed in pod indehiscent varieties [24]. 

Another gene regulating pod shattering in the domesticated soybean is Pdh1. 
Pdh1 showed high homology to dirigent family genes, which were initially known 
as a stereoselective bimolecular phenoxy radical coupling of (E)-coniferyl alcohol, 
for producing lignan [25]. The functional Pdh/ was found to be highly expressed in 
the lignified inner-sclerenchyma cells of the seed pod [26]. The inner sclerenchyma 
physical properties changed when Pdh/ expression increased, and pod shattering 
started. As the relation between Pdh/ and lignin was not clear yet, the gene might 
be responsible for lignin deposition in the seed pod. A non-synonymous nucleotide 
substitution that produces a stop codon results in pod-shattering-resistant varieties. 
Under low humidity pdh/ allele containing soybeans showed significantly lower 
shattering scores than those with the Pdh/ allele. This pod shattering-resistance 
associated allele was seen in more than 50% of Chinese and a considerable propor- 
tion of South Asian and North American landraces. However, Japanese and Korean 
landraces showed a very low frequency of this allele. The origin of domestication by 
selecting the indehiscent PdhI allele might be originated from Huang-Huai-Hai 
Valley [22]. This infers that low humidity conditions provided selective pressure on 
the pdhl1 allele to protect seeds from dispersion. Zhang et al. (2022) provided a 
CRISPR/Cas9 gene editing solution for pod shuttering-susceptibility in a summer 
adapted soybean cultivar HC6 found in Huang-Huai-Hai [27]. They performed QTL 
mapping by using a recombinant inbred line population of HC6 and a pod shattering- 
resistant variety JD12 and they found a reproducible major allele at the Pdh/ locus, 
SNP A/T that causes a nonsense variant (HC6/JD12). The resistant allele T was 
associated with low humidity regions in China, whereas the susceptible one A with 
high humidity regions in China, Japan, and Korea. Having known the contrasting 
effect, causal allele in different haplogroups facilitated the application of CRISPR/ 
Cas9, the precise gene editing. This finally provided a gene therapy for pod shatter- 
ing in soybean cultivars. 


3.2 Shoot Growth Habit 


Planting and harvesting time remarkably affect soybean yield, therefore, farmers 
must choose the appropriate maturity type regarding the environmental conditions. 
Soybean determinacy is an important agronomic trait that identifies the maturity 
type. Determinacy is governed by genes and environmental signals, which control 
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the generation of shoot apical meristem and transition to floral meristem. Soybean 
can be classified into three groups of determinacies: determinate, semi-determinate, 
and indeterminate. Indeterminate varieties, which are late maturing, show a pro- 
longed vegetative phase with active stem and branch apices producing new nodes 
with leaves. Whereas determinate varieties, which are early maturing, cease stem 
and branch apical growth with photo-periodical floral induction. 

Phenotypic variation amongst soybean landraces provided a good genetic 
resource for soybean breeding. Soybean planting management aims to maximize 
yield capacity and quality. It was found that, when indeterminate varieties are early- 
planted, they maintain an active vegetative growth for a long time and adequately 
accumulate amino acids and nutrients to allocate them towards seeds to increase 
yield quality and capacity. On the other hand, when determinate varieties are late- 
planted, yield capacity and moisture decrease. However, early planting of indeter- 
minate soybean varieties can carry some risks. For example, late frost or extended 
pathogen infection might cause to decrease in yield capacity and even delay har- 
vesting. To avoid the risks, determinate and indeterminate varieties are planted 
accordingly to maximize soybean production in the field [28-30]. 

In the cultivated soybean varieties, two genetic loci were identified to be associ- 
ated with the determinacy trait: Dt? and Dt2. The Dt/ allele is dominant or incom- 
pletely dominant on the dt/ allele; the Dt2 allele is dominant on the dt2 allele. 
Soybean plants with Dt1/Dt1 genotype are identified as indeterminate with dt2/dt2 
and semi-determinate with Dt2/Dt2. However, the dt1/dt1 genotype shows a deter- 
minate phenotype when the Dt2 locus is either recessive or dominant homozygous 
or heterozygous. Therefore, the Dt/ locus has an epistatic effect on the Dt2 locus 
[31, 32]. Their antagonistic behavior regulates flowering time and plant stem growth. 

Dt1 is induced by E3 and E4 under long day conditions, interacts with bZIP fam- 
ily transcription factor FDc1, and binds to the promoter of APETALA/ for delaying 
flowering. On the other way, when APETALA/ binds to the promoter of Dt1, it 
inhibits its expression, thus promotes flowering [33]. Dt/ locus encodes a 
phosphatidylethanolamine-binding protein (PEBP) family protein called GmTfll 
(or GmTfllb) which is an ortholog of Arabidopsis TERMINAL FLOWER| that 
controls plant height and internode length. GmTflIb is expressed in the shoot apical 
meristem until flowering initiation [34]. Four independent single nucleotide poly- 
morphisms on GmTfll were identified in Glycine max, which makes non- 
synonymous amino acid changes, whereas these nucleotide changes were not 
observed in Glycine soja. This infers that the determinacy trait was introduced by 
the domestication process of soybean. 

Four homologous Tfl] genes have been found in soybean. Tfllb has been already 
known but the functions of other homologous genes are still not clear. Wang et al. 
(2023) identified the function of Tfllc and Tflld by using CRISPR/Cas9 knock out 
double mutation [33]. Results showed that tfl] c/tfl]d double mutant soybeans flow- 
ered earlier than the wild type. The interaction of these homologous genes with 
APETALAI was also confirmed. Likewise, Tfllc and Tfl/d interacted with FDc1 and 
inhibited four homologous genes of APETALA/ and thus delaying flowering. 

Dt2 encodes the MADS-domain factor that binds to the promoter of Dt] and 
inhibits the plant stem growth to start the transition from the vegetative phase to the 
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reproductive phase in soybean. There are two homologs of the SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS1 (SOC1) gene, known as the positive regula- 
tor of flowering which is activated downstream of FLOWERING LOCUS T (FT) in 
Arabidopsis thaliana [35], in soybean: GmSOCla and GmSOC1b. These homolo- 
gous genes interact in parallel with the Df2 locus and initiate flowering and inhibit 
stem elongation and node generation. A CRISPR/Cas9 gene knock out application 
mediated by Agrobacterium tumefaciens produced homozygous socla, soc1b, and 
socla/soclb null mutants. Due to the lack of interaction between Dt2 and SOCI in 
these mutant soybeans, Dt/ expression was increased that caused delayed flowering. 

Gibberellic acid biosynthesis is also very important for prolonged shoot growth. 
Plant height regulator genes in soybean, such as the dwarf gene GmDW1, LATE 
ELONGATED HYPOCOTYL (GmLHY), and an R2R3 MYB transcription factor 
GmGAMYB positively regulate gibberellic acid pathway [32]. A CRISPR/Cas9 
knock out mutation application mediated by Agrobacterium tumefaciens produced 
a quadruple LHY mutant soybean (Gmlhyla,1b,2a,2b), where it showed decreased 
plant height and gibberellic acid (GA3) level [19]. 

These functionally identified genes have provided insights into the molecular 
mechanisms underlying determinacy in soybean. Further studies utilizing tech- 
niques like CRISPR/Cas9 gene editing have deepened our understanding of these 
genes’ functions and their interactions. Overall, unravelling the genetic and envi- 
ronmental factors controlling determinacy in soybean will contribute to the devel- 
opment of improved varieties with enhanced yield capacity and quality. 


3.3 Photo-Periodicity 


Soybean is a photo-period sensitive short-day plant, so it does not flower under 
long-day conditions. However, its adaptation to large latitudes requires a range of 
genetic variations of short-day activated genes. A group of genes has been identified 
to be involved in soybean latitudinal adaptation by regulating floral initiation. 

Cryptochromes are generally known as blue-light receptor proteins involved in 
plant development and circadian clock. In Arabidopsis thaliana CRY | was found to 
be responsible for mediation of blue-light induced de-etiolation, and CRY2 for 
photo-periodic flowering. GmCRY/a promotes blue-light-induced cell-wall elonga- 
tion inhibition and, in contrast to Arabidopsis thaliana, regulates photo-periodic 
flowering by increasing the expression of FT mRNA [36]. 

The maturity loci in soybean, EZ, E2, E3, and E4 have a predominant effect on 
mediating photo-periodic flowering and maturity. The dominant E/, E2, E3, and E4 
allele delay flowering and the recessive allele facilitates adaptation to high latitudes 
by promoting early maturing, whereas J, FT2a, FT5a, Time of flowering (Tof)16, 
and Tofl8 facilitate adaptation to low latitudes [1, 37]. J locus, encoding a homolog 
of EARLY FLOWERING 3 (ELF3) in Arabidopsis thaliana, functions as a suppres- 
sor of the E/ allele and promotes early flowering. On the other hand, E] suppresses 
FT2a and FT5a, and also, two homologs of the red-light photoreceptor phytochrome 
A (phyA) £3 and E4 interact with plant circadian clock evening complex (LUX) 
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and EJ to delay flowering [37, 38]. Therefore, the phyA-LUX-E1-FT pathway regu- 
lates photo-periodic floral initiation in soybean. Cai et al. (2018) produced GmFT2a 
frameshift mutant soybeans having a 1 base-pair insertion or short deletion by 
applying seRNAs CRISPR/Cas9 vectors through Agrobacterium tumefaciens medi- 
ated transformation [39]. They showed that the ft2a soybeans were flowering later 
than the wild types under short and long day photoperiodic conditions. Another 
study that targets the photoperiodicity of a short-day soybean variety showed that a 
frameshift mutation of E/ caused truncated protein production. This unfunctional 
proteins thus disinhibited GmFT2a/5a and therefore, initiated flowering under long 
day conditions [40]. Another flowering repressor gene GmPRR37 was identified by 
Wang et al. (2020) [41]. A CRISPR/Cas9 knock-out mutant gmprr37 showed early 
flowering under long day conditions. Wang et al. (2023) clarified the function of E2 
and its homologous genes E2-Like a and E2-Like b [42]. They designed a single and 
double mutants of E2 and its homologous genes through CRISPR/Cas9 knock out 
method to investigate their function in flowering and grain yield and their interac- 
tion with E]. It was found that £2 is the major regulator of flowering but E2-Like a 
and E2-Like b were redundant. Only double mutants e2/e2-like a or e2/e2-like b 
initiated flowering earlier than e2 types. Additionally, Li et al. (2022) discovered the 
interaction between photoperiodicity and plant protection by identifying the func- 
tion of GnCDPK38, a calcium-dependent protein kinase encoding gene [43]. A 
cutworm susceptible soybean was mutated through CRISPR/Cas9 and GmCDPK38 
sgRNA vectors delivered by Agrobacterium tumefaciens. gmcdpk3& soybeans 
delayed flowering and produced more defence-related metabolites under long-day 
conditions. This might suggest a beneficial soybean improvement strategy for grow- 
ing resistant soybean at low latitudes. Recently, a new locus identified from GWAS, 
named Tof8, encodes a homolog of the Arabidopsis thaliana FLAVIN-BINDING, 
KELCH REPEAT, F-BOX 1 (FKF1) gene. There are two orthologous FKF1 genes 
were found in soybean: FKFl1a and FKF1b. These orthologous genes were found to 
be involved in flowering time and maturity by activating E1 transcription through 
CRISPR/Cas9 knock-out mutation and two haplotypes of FKF 1b were identified to 
be a part of regulating the latitudinal effect on flowering which might be a cause of 
natural selection during environmental adaptation [37]. 

Soybean flowering is dependent on a short photoperiod, so it usually flowers in 
spring or fall. Unravelling the mechanism underlying the latitudinal effect on flow- 
ering time will support soybean breeding across a wide range of latitudes. Moreover, 
it will be possible to produce long-day soybean varieties through genetic manipula- 
tion to speed up the breeding process. 


3.4 Seed Quality 


Seed traits determine the quality of the product. The seed coat, seed oil, oligosac- 
charides, lipoxigenases and protein contents are the important seed traits, which 
were improved during the domestication process. Breeding practices has shaped the 
modern soybean seed traits and improved the plant for a better human digestibility, 
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consumption, harvestability and endurance. Gene editing accelerates this process 
by functionally identifying the genes of interest associated with the desired 
seed traits. 

Improved seed coat water impermeability protects embryos for sustainable seed 
storage and provides resistance to environmental deterioration in the field, such as 
pathogens, and mechanical and imbibition damages. Seed coat impermeability cor- 
relates with seed viability and longevity in soybean breeding programs. Additionally, 
hard seeds contain high calcium levels and increase the nutritional value of soy- 
foods [44]. As an adverse effect, hard seededness is unfavourable during post- 
harvest processing for vegetable oil and soyfood [45, 46]. Indeed, high seed water 
permeability facilitates water absorption and makes the seed easy to germinate. 
Jang et al. (2015) identified a seed hardness locus qHS/, which encodes an endo-1,4- 
B-glucanase [45]. A single nucleotide substitution from A to G in this gene dysfunc- 
tions the substrate-enzyme cleft domain and causes permeable seed coat in soybean. 
Likewise, a single nucleotide substitution from C to T by using Agrobacterium 
tumefaciens mediated transformations in the GmHsI—I gene, which encodes a 
calcineurin-like metallophosphoesterase transmembrane protein, showed increased 
permeability in the soybean seed coat [44]. Chandra et al. (2020) made inter-specific 
crosses between Glycine max and Glycine soja to understand the genetic inheritance 
of seed coat impermeability by using 217 recombinant inbred lines [46]. They phe- 
notyped seed coat impermeability by looking into slow and rapid imbibition rates of 
the offspring. They identified three linked markers on chromosome 2, this locus was 
previously identified by Sun et al. (2015) and Jang et al. (2015) [44, 45]. Additionally, 
the phenotyping results revealed semi-permeable genotypes that might cause by 
minor alleles, and one of them was found to be associated with leaflet width, phy- 
tophthora resistance, and seed tocopherol. This implies that seed coat-identifying 
genes diversify in nature, and they maintain seed protection and coat-related alleles. 
The process of soybean breeding to improve seed coat impermeability should con- 
sider the involvement of the minor alleles as a potential genetic gain. 

Another seed trait that was subjected to artificial selection during the domestica- 
tion process is seed oil content. Cultivated soybean seeds contain more oil than wild 
seeds, which shows the effect of domestication on selecting high oil capacity in the 
seeds [47]. Soybean oil has a great economical value in the market, after palm oil, it 
is the second most-produced vegetable oil in the world between 2018 and 2023. 
China is the world leader in the production and consumption of soybean oil (USDA, 
2023). It is used for human consumption and shows tremendous health benefits. 
Soybean oil consists of 15% saturated and 85% unsaturated fatty acids, which is 
responsible for lowered blood cholesterol levels, and decreased coronary heart dis- 
ease [48]. On the other hand, soybean seeds became one of the most consumed vegan 
proteins for vegetarian and vegan diets. Seed oil increases with sugar mobilization 
towards the embryo. The underlying reason was investigated and found that sugar 
flux-controlling genes are upregulated and provide precursors for fatty acid biosyn- 
thesis. However, increasing seed oil content adversely affects seed protein content, 
which eventually influences the consumption of soybean as a source of protein. 


17 Soybean Improvement and the Role of Gene Editing 281 


Sugars Will Eventually be Exported Transporters (SWEET) gene family is 
responsible for the sugar transportation across cellular membranes having a role in 
the mobilization of carbohydrates from source to sink organs to sustain healthy 
growth and development of a plant [49, 50]. Bi-parental QTL mappings and 
genome-wide association studies dissect the genetic mechanisms by revealing 
QTLs on chromosomes 5, 7, 8, 10, 15, and 20, which are associated with seed oil, 
sugar, and protein contents [15, 51]. A major QTL has been identified on chromo- 
some 15, GmSWEET10a (Glyma.15G049200), that affects seed oil, size, and pro- 
tein content [15, 47]. This locus encodes a member of the SWEET gene family, a 
sugar transporter gene, ensuring sucrose efflux and allocating sugar from the mother 
seed coat to the filial embryo. Wang et al. (2020) showed that the frequency of the 
allele, which is significantly associated with seed oil content increase, is higher 
among landraces and cultivated soybeans than wild varieties [52]. Therefore, there 
was a Strong artificial selection during the domestication of soybean. Zhang et al. 
(2020) identified a two-base-pair CC deletion in exon 6 of the cultivated and high- 
seed oil-containing soybean varieties [47]. They also unravelled that this gene 
shows a pleiotropic effect on seed oil and protein contents since the varieties having 
CC alleles available are significantly rich in protein. Additionally, Wang et al. (2020) 
identified a homologous locus of GnSWEET10a, named GmSWEETI1Ob, by con- 
ducting a knock-out mutation through CRISPR/Cas9 showing a similar effect on 
seed oil and protein content while changing seed size; however, they could not find 
a significant artificial selection for this locus [52]. Cai et al. (2023) showed a similar 
antagonistic effect between seed oil and protein contents by indicating contrasting 
synthesis of oil and protein under changing expression of the GmMFT gene through 
CRISPR/Cas9 mediated knock-out mutants [48]. The reason underlying this antag- 
onistic behavior might be that during the domestication process, carbohydrate trans- 
portation to seeds enhances fatty acid biosynthesis rather than protein synthesis. 
Wang et al. (2019) showed that the metabolic composition of soybean seeds unrav- 
elled how protein-rich seeds produced nitrogen-assimilating amino acids -free 
asparagine, free 3-cyanoalanine, free glutamic acid, L-malic acid, free glutamine, 
and free aspartic acid- and at the same time, they expressed the negative correlation 
to seed oil content [15]. Therefore, for a rich protein seed content synthesis of these 
amino acids are crucial. 

Research on soybean seed oil-rich varieties always shows big seed in size. This 
might explain why seed size-regulating genes co-segregate with seed oil-regulating 
genes. However, seed size-regulating genes do not always correlate with seed oil or 
protein contents. Silencing of the GmFAD3 gene, encoding omega-3 fatty acid 
desaturase, showed increased seed size without changing seed protein and oil con- 
tent [53]. This implies that the seed size trait controlling GmFAD3 is not linked with 
seed sugar efflux-controlling genes. Likewise, the soybean seed size 1 (GmSSS1) 
gene, a homolog of the Arabidopsis thaliana SPY gene encodes an O-GlcNAc trans- 
ferase protein and controls seed and pod size by showing pleiotropy, that was identi- 
fied through CRISPR/Cas9 mediated knock-out mutants, and it might be achieved 
through cell expansion and division [54]. The independence of seed size-regulating 
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genes implies the epistatic effect of the size-regulating genes on GmSWEETI0a, 
GmSWEETI1O0b, and GmMFT. 

Seed protein content is not the sole trait correlating with seed oil content, seed 
shape and coat color regulating genes are also co-segregating with the oil content. 
Soybean seed shape associated seed thickness (ST/) locus, encoding a UDP-D- 
glucuronate 4-epimerase, shows a pleiotropic effect on seed color and oil content 
through CRISPR/Cas9 mediated knock-out mutants. It acts upon seed shape by 
turning a flat seed into a round and catalyses the biosynthesis of UDP-galacturonic 
acid and participates in the glycolytic pathway. The conversion of UDP-glucuronic 
acid to UDP-galacturonic acid, which is a pectin precursor, promotes cell wall pro- 
tein production. Simultaneously, glycerol-3-phosphate esterification produces triac- 
ylglycerol, which is a lipid biosynthesis precursor, and seeds show high oil content. 
The population analysis of 1209 soybean accessions, including 122 wild accessions, 
542 landraces, and 545 cultivated soybeans, one haplotype, which shows a C to T 
polymorphism at nucleotide 203 of the ST] locus, was found the most frequent 
within the population and was significantly associated with high seed oil content 
and round shape. Another very interesting finding was that seed coat color deter- 
mining locus /, a highly unstable transposon-induced locus, when reversed, co- 
segregates with STZ. This might explain the high frequency of yellow, round, and 
high oil involving cultivated soybean seeds [74]. 

The anthropogenic impact of oil-rich soybean domestication cannot be overseen. 
One reason could be that seeds rich in oil might be a good source of energy storage 
in the human body, so a simultaneous increase in seed oil and size might drive 
people to select oil-rich varieties. Another reason might be that carbon and nitrogen 
are primarily required for high seed protein content, so under limited nitrogen 
resources, oil accumulating large seeds might have been selected by humans. 
However, this hypothesis does not explain why seed oil accumulation still competes 
with protein accumulation under nitrogen-sufficient conditions. Soybean protein is 
a crucial supplement for vegetarian diet. Therefore, upregulating the production of 
nitrogen assimilating amino acids will enhance the soybean protein level. Gene 
editing will provide confirmation of the gene functions that are involved in soybean 
protein production. 


3.5 Abiotic and Biotic Stress Resistance 


Changing climatic conditions and pollution of air, soil, and water create devastating 
effects on soybean production. Abiotic and biotic stress conditions cause vulnerable 
soybean plants; indeed, their negative effects can be inherited and result in yield 
loss. Major abiotic stress conditions around the world for soybean are drought, 
salinity, cold, and flooding stresses [55]. For example, soybean production has been 
declining in Argentina, one of the major soybean producers, due to drought stress, 
which decreases the production, and so does the export and crushing [56]. QTL 
studies identified causal loci, which can promote marker-assisted breeding for 
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abiotic and biotic stress resistance. However, only a few of them have been vali- 
dated through gene editing; otherwise, most of them are still in the candidate status. 

The improved root system, enhanced water uptake, effective stomatal conduc- 
tance, and slow wilting are some of the avoidance strategies in soybean from drought 
stress. Soybean breeding in light of genetic mechanisms can provide drought- 
resistant soybean crops and save soybean production under drought conditions. 
Throughout the investigations, several drought resistance-conferring genes have 
been functionally identified. A crosstalk between plant hormones and transcription 
factors regulates plant response to stress conditions. NAC (NAM, ATAF, and CUC) 
[57, 58], MYB [59], WRKY [59], AREB [60], DREB [61, 62], AP2/ERF [63] tran- 
scription factors were found to be involved in this collaboration. Overexpression of 
soybean GmNFYA13, a nuclear localization protein, was found to be responsible for 
gaining resilience to salt and drought stress in transgenic soybean plants. Abscisic 
acid (ABA) is one of the plant hormones which control the physiological adapta- 
tions of a plant under stress conditions. For example, stomatal closure is induced by 
increasing ABA to prevent water loss. When ABA is artificially induced in soybean, 
GmNFYA13 expression was increased. This infers that the GmNFYAI3 gene is 
involved in abscisic acid-mediated stress response in soybean plants [64]. 

Soybean is a salt-sensitive plant, increased Na* ions change cellular ion balance 
and damage cells. Cation Diffusion Facilitator 1, Arabidopsis K* Transporter 1, and 
also some transcription factors that are generally involved in abiotic and biotic 
stress conditions, such as MYB, WRKY, AP2/ERF, and NAC are associated with 
salt stress resistance in soybean [65]. Wang et al. (2021) identified an ABA and salt 
induced transcription repressor GmAITR in soybean to reduce the salinity stress 
related phenotypes without losing its fitness [66]. A CRISPR/Cas9 knock out mutant 
technique, gmaitr inhibited the expression of ABA and showed tolerance to 
salt stress. 

Moreover, flooding stress is another abiotic stress that affects soybean produc- 
tion under ill-drained soils. Soybean roots are primary organs that are affected by 
flooding stress, limited oxygen uptake causes hypoxia and reduced energy produc- 
tion. To overcome this stress, plants undergo alternative energy-producing meta- 
bolic activities. Transcriptomic and proteomic studies unravel a group of proteins 
that are involved in cell wall modification, methylglyoxal detoxification, hypoxia 
reduction, pathogen defence, reactive oxygen species scavengers and chaperons, 
and energy production through glycolysis induction and alcohol fermentation 
[67-69]. 

Soybean production around the world is challenged by increasing negative 
impacts of fungus, bacterium, phytoplasma, nematode, and virus infections. Natural 
and artificial selection strategies improved soybean resistance over the years and 
sustain its development and reproduction despite dynamic spatial and temporal con- 
ditions. Soybean breeding for biotic stress resistance is a very active process. Due to 
changing climate conditions, pathogen populations shift, and new races are intro- 
duced to host plants. This activates new protection mechanisms and beneficial 
mutations in resistance-conferring genes provide endurance to plants. The selection 
pressure on beneficial mutations can occur both naturally and artificially. Zhao et al. 
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(2015) investigated nucleotide fixation of pathogen resistance in wild and cultivated 
varieties, and their study revealed that Glyma20g08290 (homolog of Arabidopsis 
thaliana RPMI gene) is a naturally selected locus, which is associated with 
Pseudomonas syringae in soybean (Ashfield et al., 1995) and found in wild soybean 
varieties [70, 71]. 

Marker-assisted selection provides causal QTLs for vertical and horizontal resis- 
tance. It unravels major R genes, which maintain vertical resistance in soybean to 
soybean cyst nematode (Rig), Phytophthora root and stem rot (Rps), soybean rust 
(Rpp), frog eye leaf spot (Rcs), bacterial blight (Rpg), and soybean mosaic virus 
(Rsv and Rsc) [65, 70, 72, 73]. R genes provide full protection in a race-specific 
manner. Horizontal resistance is controlled by multiple minor effect genes and con- 
fers resistance against many soybean diseases such as sudden death syndrome, 
Sclerotinia stems rot, root-knot nematode, and most Pythium species [73]. However, 
this type of protection is not pathotype specific so it is more long-lasting than verti- 
cal resistance. In vertical resistance, environmental conditions might cause genetic 
changes in avirulent proteins, which are recognized by pathotype-specific R genes, 
or shift in pathogen populations. On the other hand, utilization of molecular markers 
associated with R genes is more feasible than pursuing a soybean breeding strategy 
for minor allelic resistance. 


4 Conclusion 


QTLs have been identified for a number of traits in soybean. These QTLs can be 
used to develop marker-assisted breeding programs to improve soybean cultivars 
for resistance to these stresses. Gene editing is a newer technology that can be used 
to rapidly and efficiently introduce and edit specific genes. Gene editing is a com- 
plementary approach to marker-assisted breeding, and the two technologies can be 
used together to accelerate the development of improved soybean cultivars. The 
advantages of using gene editing for soybean improvement: 


° Gene editing is a precise technology that can be used to target specific genes. 
° Gene editing is a rapid technology that can be used to develop new cultivars in a 
shorter time frame than conventional breeding methods. 


The challenges of using gene editing for soybean improvement: 


° Gene editing is a regulated technology, and there are a number of regulatory 
hurdles that must be overcome before gene-edited soybeans can be 
commercialized. 

° There is some public opposition to the use of gene editing in food crops. 


Despite the challenges, gene editing is a promising technology that has the potential 
to revolutionize soybean improvement. By combining gene editing with marker- 
assisted breeding, we can develop soybean cultivars that are more resistant to 
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abiotic and biotic stresses, have improved yield and nutritional quality, and are bet- 
ter suited to the changing climate. 
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Chapter 18 A 
CRISPR/Cas-Based Precision pares 
Breeding of Oilseed Rape 

(Brassica napus L.) — Recent Improvements 


Justyna Boniecka 


Abstract The seeds of oilseed rape (Brassica napus L.) are used in large-scale 
production of one of the most health-promoting plant oils in the food industry, as 
well as for animal feed and biofuel production. Thus, increasing the yield of this 
crop is of crucial economic and ecological importance. However, conventional 
breeding programs are slow, laborious and time-consuming. Hence, along with the 
discovery of the possibility to apply CRISPR/Cas technology to edit plant genomes 
and to accelerate the breeding process, much effort has been put into applying this 
technology to study specific genes and biosynthetic pathways, especially in species 
with many gene copies such as B. napus. Here, recent improvements in generating 
CRISPR/Cas-induced mutations in the B. napus genome, delivering CRISPR/Cas 
reagents into oilseed rape plant cells, fast-checking the efficiency of targeted muta- 
genesis of CRISPR/Cas reagents, and oilseed rape transformation and regeneration 
procedures are described. Finally, new applications of CRISPR/Cas tools in oilseed 
rape precision breeding are discussed, focusing mainly on applications verified 
in field. 


Oilseed rape (canola; Brassica napus L.) belongs to the genus Brassica. It is a 
domesticated allotetraploid, which originated from spontaneous hybridization 
between two diploid species — turnip rape (B. rapa) and cabbage (B. oleraceae) — 
about 7500 years ago [1]. Today, oilseed rape is one of the most important oil crops 
worldwide, being cultivated in Europe and Asia predominantly as winter forms and 
in Australia, Canada and northern Europe as spring ones, providing food, feed and 
biofuel. This success is attributable to intensive breeding for seed quality traits in 
the last century. The first milestone in oilseed rape quality breeding was achieved by 
the introduction of the first low-erucic acid (EA — has a bitter taste and in high doses 
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has been implicated in cardiac health problems) varieties (0-varieties), at the begin- 
ning of the 1970s, resulting in high-quality oil with high levels of desirable unsatu- 
rated fatty acids. The second milestone was the establishment (in the mid-1980s) of 
cultivars with low seed glucosinolates (GSL — in monogastric animals their diges- 
tion results in the release of toxic by-products that can cause liver and kidney dam- 
age along with lymph dysfunction) content (low EA and GSL together —00-varieties), 
making possible the use of oilseed rape press residues as protein-rich fodder for 
animals [2]. 

However, these breeding programs have significantly reduced genetic diversity 
in modern breeding pools [3-5]. Both of the mentioned seed quality traits — low EA 
and low GSL content — originated from single genetic resources. Low EA derived 
from the German spring cultivar (cv.) “Liho”, which carried spontaneous mutations 
in two B. napus FATTY ACID ELONGASE 1 (FAE1) homologs, while low GSL 
content was first identified in the Polish spring-type cv. “Bronowski”, which was 
found to possess at least three recessive genes for low GSL content. Large-scale 
crossing programs facilitated the introgression of these traits into all the different 
ecogeographical forms of oilseed B. napus. The result was the release in 1974 of the 
first 00-quality spring variety, “Tower”, with zero EA and low GSL content (in 
1978, the term “canola”, derived from “Canadian oil”, was adopted to identify these 
varieties). The first 00 winter oilseed rape cultivar, “Librador’’, was released in 
Germany in 1981. Consequently, modern oilseed rape breeding material has a rela- 
tively narrow genetic diversity [2]. 

This narrow genetic diversity markedly restricts breeding progress, which relies 
on the availability of genetic variation to introduce new desirable traits into crops. 
Initially, breeders sought genetic variation from landraces and heirloom varieties. 
The emergence of mutation breeding in the 1940s allowed for the artificial induc- 
tion of new genetic variation into plant genomes. This approach is extremely crude, 
as it introduces thousands of random mutations, both wanted and unwanted, with 
the latter requiring several rounds of backcrossing to remove. Moreover, in poly- 
ploid species, where most genes are multiple-copy genes with redundant functions, 
it is very inefficient to change traits through random mutations. However, all in all, 
this technology greatly increased the amount of genetic variation available to breed- 
ers, and, interestingly, falls within the definition of “conventional and traditional” 
breeding and thus is lightly regulated [6]. The first commercial varieties developed 
through mutation breeding were registered in the 1950s, and now over 3400 variet- 
ies are listed on the FAO/IAEA Mutant Variety Database, including 21 of B. napus 
obtained mainly by applying gamma rays [7]. 

New breeding technologies, such as genome editing, are providing plant breed- 
ers with access to a far broader range of genetic variation. Moreover, compared with 
the traditional random mutagenesis, genome editing not only reaches the same end 
point as conventional breeding but gets there with a greater: i) degree of precision — 
no/limited number of unexpected mutations (hence it being termed “precision 
breeding”), and 11) speed, which is very important as, with conventional plant breed- 
ing, it may take 10-15 years or more to get new crops to the market [6]. The current 
legislation in the EU and many other countries puts plants improved by means of 
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genome editing “in the same box” as typical Genetically Modified Organisms 
(GMOs). However, very favorable legislature for the production and consumption 
of such plants in the USA, Japan, Australia, some countries from South and Central 
America, and others such as Canada [8] is stimulating changes in the legislation in 
the EU. It is important to understand that simple genome edited crops, i.e., where no 
foreign genetic sequence is introduced, are indistinguishable and equivalent to con- 
ventionally bred crops and therefore could be regulated in a similar way [6]. 

Genome editing technologies encompass sequence changes within an organism 
or incorporation of valuable sequences into a germplasm, both resulting in an altera- 
tion of genotype without extensive backcross. These technologies are based on 
sequence-specific nucleases (SSNs) such as zinc finger nucleases (ZFNs), TAL 
effector nucleases (TALENs), and CRISPR (Clustered, regularly interspaced, short, 
palindromic repeats)/Cas (CRISPR associated nuclease; with Streptococcus pyo- 
genes Cas9 being the most commonly applied). The first two are relatively time- 
consuming to construct, as protein engineering of their DNA binding domains is 
required to achieve the requisite target specificity. The latter is the only RNA-guided 
endonuclease that targets DNA sites through nucleotide base pairing and, thus, has 
become the preferred SSN for genome editing in plants [9, 10]. SSNs create DNA 
double strand breaks (DSBs) at predefined genomic loci, which are then repaired 
through intrinsic erroneous, non-homologous end joining (NHEJ) or a donor DNA 
introducing homology-directed repair (HDR) pathways [11]. 

The CRISPR/Cas9 application uses a ~100-nt single guide RNA (gRNA or 
sgRNA), which is a combination of the crRNA and trans-activating crRNA 
(tracrRNA) originally encoded by the CRISPR loci [12], to direct Cas9 nuclease to 
a specific DNA site. The complex SpCas9-sgRNA targets with its 20 nt guide 
sequence, being part of the crRNA (the rest of the crRNA sequence and the tracrRNA 
is a scaffold), genomic sequence of 20 nt — protospacer — upstream to a 5’-NGG-3’ 
protospacer adjacent motif (PAM), and introduces a DSB near the PAM sequence 
and originates blunt ends [13] that, in plants, will be repaired preferentially by 
NHEJ, often introducing indel mutations. 

Due to the possibility of introducing mutations at multiple sites concurrently, 
genome editing is an excellent option to significantly accelerate the breeding pro- 
cess of, especially, polyploid species such as B. napus, with many gene targets (at 
least one homolog from each of the A and C genomes) [1]. CRISPR/Cas technology 
offers great potential when working on complex traits such as crop yield and disease 
tolerance, which requires simultaneously targeting multiple loci, related or unre- 
lated, within a single cell. The technology has already been successfully applied to 
generate mutations in multiple locations in oilseed rape genomes by co-expressing 
multiple guide RNAs [14-17]. 

Oilseed rape is a high-value commodity crop, which has already been modified 
and produced as traditional GMOs, despite the costs associated with regulatory 
compliance for such plants [6, 18]. Hence, it is not surprising that there is interest in 
investing in its precision breeding with the use of genome editing technologies. 
Here, recent works attempting to improve various steps on the way towards B. napus 
precision breeding are reviewed, as well as propositions/solutions that could 
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potentially improve the system even further. Since reviews, some of them very com- 
prehensive, on the application of CRISPR/Cas in oilseed rape for gene function 
research and genetic improvements have been published only recently [16, 17, 19— 
21], here, only some work that included field trials with Brassica CRISPR/Cas 
modified species will be described. 


1 Optimization of CRISPR/Cas Reagents and Ways 
of Their Expression 


Mutating homeologs from both subgenomes of B. napus is necessary due to their 
functional genetic redundancy. An optimization of CRISPR/Cas constructs/reagents 
is essential, as the gene editing efficiency depends to a large extent on the selection 
of aCas protein and/or guide RNAs. Constructs encoding SpCas9 or Lachnospiraceae 
bacterium Cas12a (Cpf1; LbCas12a) endonucleases, with one or more guide RNA 
expression cassettes enabling production of either a single one-guide transcript, 
multiple one-guide transcripts or a single multi-guide transcript are the most widely 
used for CRISPR/Cas-mediated genome editing in most plant species. An example 
of the single, multi-guide transcript production is the CRISPR/Cas9 system based 
on endogenous tRNA processing that was used, for example, to introduce mutations 
in the genome of Brassica oleracea — a construct with tandemly arrayed tRNA- 
sgRNA architecture to express multiple seRNAs [22]. Another example of the sin- 
gle, multi-guide transcript production is the CRISPR/Cas system, where the 
multi-guide transcript produced by a Pol III from only one promoter is processed by 
the same nuclease involved in the generation of DSBs — Cpfl [23]. The variety of 
CRISPR/Cas based nucleases and their corresponding guide RNA backbones [24] 
can be explored applying expanded cloning toolkits that contain not only modules 
encoding some of the mentioned elements but a number of promoters that allow 
expression of CRISPR/Cas nucleases and their guide RNAs in monocots and dicots, 
e.g. [25]. 

In plants, like in other organisms, not all transformants containing Cas-guide 
RNA encoding sequences display high levels of mutations in the target gene, with 
efficiencies reported to vary from a few percent to close to 100% [26, 27]. The effi- 
ciency with which mutations are generated in target genes depends on multiple 
factors, including the choice of target sites in selected genes, as well as the nature of 
the coding and regulatory sequences of the Cas gene and guide RNA construct. In 
recent studies, several architectural parameters of Cas constructs designed for plants 
have been investigated, including the codon usage of the Cas gene, the number of 
nuclear localization signals (NLSs) in the Cas enzyme, the nature of the promoters 
and terminators of the Cas gene, the length and sequence of the conserved region of 
the guide RNA and the terminator sequence of the guide RNA, and the relative ori- 
entations of the various expression cassettes in the final transfer DNA (T-DNA) 
[24, 28]. 
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Marked improvements in the efficiency of targeted mutagenesis (even up to 80% 
more mutated plants) of Brassica species — B. oleracea and B. napus — were 
observed when using a modified version of Cas9. The application of a plant- 
optimized Cas9 CDS with one intron coupled with a tRNA guide architecture [22, 
29] and with two guides per gene targeting two unrelated B. oleracea genes helped 
to outperform the system targeting these genes with two constructs each carrying 
information on two guides, each under its own Pol III promoter, and the human- 
codon-optimized HsCas9. The potato intron IV was originally added to avoid 
expression in bacteria during cloning and, as a side effect, can also increase expres- 
sion in planta [24]. The application of the improved construct resulted in 100% of 
plants mutated in two of the four loci [29]. The same improved system but with one 
guide to edit two copies of a gene was very successful in B. napus and outperformed 
the system targeting these copies with the same guide but not coupled with the 
tRNA guide architecture and instead using the HsCas9 [29]. It is worth noting that, 
in the improved system, the transcription of sgRNA and Cas9 was in head-to-head 
divergent orientation, which has been shown previously to often result in a highly 
active CRISPR/Cas system. It was proposed that a weak terminator after Cas9 
enables Pol II read through that could interfere with Pol III transcription of ssRNAs 
in some T-DNA construct architectures, and that this limiting factor can be corrected 
by divergent transcription of Cas9 and sgRNAs [24]. Another version of Cas9 with 
13 introns — ZCas9 + 13int — this time prepared by introducing 13 Arabidopsis thali- 
ana introns into the Zea mays codon-optimized version [30] (again coupled with 
tRNA guide architecture, with a single guide targeting a B. oleracea gene GA4 or 
two copies of the gene in B. napus, with divergent transcription of Cas9 and 
sgRNAs) improved markedly the number of edited plants in comparison to the sys- 
tem not coupled with the tRNA guide architecture, head-to-tail orientation, and 
using the HsCas9 [29]. 

However, no matter what kind of modifications of the Cas9 are proposed, the 
CRISPR/Cas9 system still has some limitations. One of these is the strict PAM depen- 
dence, which constrains the availability of target sites, especially to coding regions, as 
noncoding regions are relatively poor in 5’-NGG-3’ sites. Other limitations of SpCas9 
include its large size for viral delivery and the low efficiency in gene targeting caused 
by blunt DSBs. A solution comes with the CRISPR/Cas12a (Cpfl) system with i) a 
single crRNA (~42 nt, which is less than half that of Cas9, making it more suitable for 
multiplexed genome editing and packaging into viral vectors) and ii) Cas12a, an 
endonuclease smaller than SpCas9, which might facilitate viral delivery. This system 
requires a 5’-TTTN-3’ PAM sequence and introduces 5’ staggered ends, with 4-5 nt 
overhangs, at sites distal from 5’ T-rich PAM, at the end of the protospacer sequence, 
which has been proposed to favor gene insertions [31, 32]. 

Recently, Lachnospiraceae bacterium Cas12a (LbCas12a) was shown to gener- 
ate edits in the genome of Brassica oleracea [29], which is a good indication that 
this endonuclease may function in B. napus as well. Working with this nuclease, 
four different constructs were analyzed for their efficiency in inducing mutations in 
a B. oleracea gene. In the case of all constructs, the nuclease encoding sequence 
was under the UBI10 promoter and was followed by the sequence of the Pisum 
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sativum rbcS E9 terminator. These sequences were in a head-to-head orientation 
with the RNA guide expressing cassette under the AtU6—26 promoter. 

In the case of the first construct, an Arabidopsis-optimized LbCas12a CDS car- 
rying a “temperature tolerant” D156R mutation (ttAtCas12a) was encoded. The 
codon-optimized LbCas12a CDS carrying the mentioned mutation was shown to 
have increased activity in comparison to a non-mutated variant of the protein when 
Arabidopsis plants were grown for 2 weeks at 22°C or, especially, at 28°C. It is 
noteworthy that even the non-mutated variant, when put at 28°C, performed better 
at 4 of 5 loci tested [33]. Similarly, repeated heat stress treatments of Arabidopsis or 
Citrus plants had a major effect on the rate of mutagenesis by CRISPR/SpCas9 — in 
Arabidopsis it increased approximately five-fold in somatic tissues and up to 100- 
fold in the germline. It was also proposed that SpCas9 is more active in creating 
double-stranded DNA breaks at 37°C than at 22°C [34]. The first construct encod- 
ing the temperature-tolerant enzyme had a four guide (targeting one gene) express- 
ing cassette, serving to produce transcript to be processed by the ttAtCas12a 
nuclease. The second construct encoded ttAtCas12a nuclease and a pre-gRNA tran- 
script carrying information on one guide RNA (4 separate constructs each contain- 
ing one of the four guides used in the first construct scenario). The pre-gRNA is a 
self-processing ribozyme-flanked guide expression cassette named Ribozyme- 
gRNA-Ribozyme (RGR). The RGR molecule contains ribozymes (possess nuclease 
activity) - Hammerhead (HH) type ribozyme at the 5’-end, and the terminal hepati- 
tis delta virus (HDV) ribozyme at the 3’-end of the RGR, and thus undergoes self- 
catalyzed cleavage to generate the desired gRNA. However, the introduction of a 
self-cleavable ribozyme in the 5’ end of the transcript is unnecessary when a 5’-G is 
added to the Cas12a DR (direct repeat — region of the crRNA whose proper folding 
is important for nuclease activity), which is compatible with the Pol III promoter 
AtU6-26 transcription start site. The HDV ribozyme removes the poly-A tail from 
the transcript, leaving no additional nucleotides at the 3’ position of the crRNA with 
a classical construct carrying unprocessed U6 termination signal, which conserves 
a spurious tail of adenines at the 3’ position of the Cas12 crRNA [29, 32, 35-37]. 
The third construct contained the human-codon-optimized CDS, with modified 
CDS by inserting the D156R mutation to give ttHsCas12a, and the singular guide 
RGR expression cassette (one construct to target only one of the four target sites). 
The fourth construct contained ttAtCas12a, with an addition of 8 Arabidopsis 
introns generating ttAtCas12a + int, and the singular guide RGR expression cassette 
(one construct to target only one of the four target sites). The application of the 
singular guide architecture markedly increased the number of mutant plants, when 
applying constructs with ttAtCas12a, in two target regions from 0 to 10% and from 
3 to 50% of the screened plants. The other two systems were applied only to com- 
pare the efficiency of the system in one target region, where the application of the 
second construct increased the number of mutant plants from 3 to 50%. By using the 
third constructs, where instead of ttAtCas12a, ttHsCas!2a CDS was applied, 
researchers showed that both nucleases performed equally well. Next, the applica- 
tion of ttAtCas12a + int further increased the number of plants with edits in the 
target region from 50 to 68% [29]. 
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Although it is clear that the temperature-tolerant version of the Cas nuclease 
works well in B. oleracea, it would be interesting to compare its activity with the 
Arabidopsis-codon-optimized version. Based on the results presented, it is hard to 
conclude whether the heat tolerant enzyme works better than the “wild type” ver- 
sion and it is not clear whether heat stress increases the efficiency of the CRISPR/ 
Cas system in B. oleracea, and thus potentially in B. napus, as was shown for 
Arabidopsis (33, 34]. 


2 Delivery of CRISPR/Cas Reagents and Elements Carrying 
Information on CRISPR/Cas Reagents into Oilseed Rape 
Plant Cells 


Oilseed rape plants bearing edited alleles have been predominantly obtained using 
Agrobacterium tumefaciens-mediated transformation. In one study, several essen- 
tial factors that affect the transformation efficiency, such as Agrobacterium strains, 
selection marker genes and genotypes of oilseed rape were analyzed. Comparison 
of different Agrobacterium strains showed that the GV3101 had higher transforma- 
tion efficiency than C58C1 and EHA105. The transformation efficiency was 
3.7-4.8%, 2.2—22.5%, and 1.6-5.9% when the hypocotyl of Westar was infected by 
GV3101 and screened under hygromycin, kanamycin and basta, respectively. The 
transformation efficiency of Westar was highest and ZS11 was lowest when five 
different genotypes of oilseed rape (Westar, ZS9, ZS 11, GY284 and WH3417) were 
infected by GV3101 [38]. 

The auxotrophic A. tumefaciens strain LBA4404 Thy-, which exhibits the inabil- 
ity to survive, proliferate or grow in the absence of thymidine, provides a method for 
the transformation and regeneration of plant cells that does not need an Agrobacterium 
counter-selective agent to cure plant tissue of Agrobacterium [39], and recently this 
strain has been used in a genotype-independent method of oilseed rape plant trans- 
formation and regeneration [40]. Another important element of this genotype- 
independent method is the application of the ternary pVir system with the T-DNA 
binary vector (with sequences encoding, e.g. CRISPR/Cas reagents) and an 
improved accessory plasmid [40] that is characterized by small size, enhanced vec- 
tor stability, an improved bacterial selectable marker and amended vir genes. 
Application of the pVir system resulted in more efficient T-DNA delivery and stable 
plant transformation in difficult-to-transform maize elite inbreds [40, 41]. 

However, some drawbacks remain in these strategies, as they involve delivery of 
DNA-based CRISPR/Cas reagents that are first integrated into the genome, and 
expressed as a transgenic construct, and then segregated away by breeding as null 
segregants to leave only the desired edited allele/s [16]. T-DNA removal is crucial 
because regulatory constraints for gene-edited crops are likely to be less for those 
that do not contain foreign DNA [6]. Moreover, it can be important when a loss-of- 
function phenotype must be confirmed by complementation of the CRISPR/ 
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Cas-induced mutation. A CRISPR/Cas construct still present in the mutant can tar- 
get the complementation transgene and interfere with the resulting phenotypes [24]. 
Furthermore, as long as the T-DNA encoding the reagents of the CRISPR/Cas sys- 
tem is present in a genome, a progressive gene-editing process can take place, both 
during selection on appropriate media with antibiotics (which may lead to chime- 
ras) and during the growth of the transgenic plants, and even in next generations [16, 
42]. Therefore, DNA-free gene editing has received extensive attention in 
recent years. 

One of the commonly applied T-DNA free oilseed rape genome editing methods 
is protoplast transfection, which is a transient (no T-DNA integration) alternative for 
delivery of CRISPR/Cas vectors [43, 44]. CRISPR/Cas reagents can be delivered 
into plant cells as ribonucleoproteins (RNPs) composed of purified recombinant 
enzyme Cas and in vitro-transcribed or synthesized gRNA as well. Particle bom- 
bardment can be used to deliver RNPs into explants, whereas polyethylene glycol 
(PEG)-mediated transfection and lipofection can be used to deliver RNPs into pro- 
toplasts. Although CRISPR/Cas RNPs has become an attractive approach for 
genetic engineering, its editing efficiency remains modest [45]. As an example, 
although Murovec et al. [46] were able to obtain mutation frequencies of 0.09 to 
2.25% and 1.15 to 24.51% in B. oleracea and B. rapa, respectively, no mutations 
were detected after PEG-mediated transfection of oilseed rape (cv. “Topaz’’) proto- 
plasts [46]. 

Although researchers have used protoplast systems to show the potential of 
CRISPR/Cas reagents to edit a locus or loci of interest, lack of protoplast regenera- 
tion protocols to obtain edited plants has been a major bottleneck in this system [16, 
43]. Although B. napus protoplast regeneration was shown to be possible before the 
era of genome editing [47], only recently was a protocol for regeneration of proto- 
plasts of oilseed rape in combination with genome editing proposed. Targeted 
genes — BnGTR -— controlling glucosinolate transport from the vegetative tissues to 
seeds were mutated with high frequency [48]. According to this protocol, relatively 
high concentrations of auxins are essential for protoplasts to form cell walls and 
maintain cell division, and thereafter auxin should be reduced for callus formation 
and shoot induction. For shoot regeneration, relatively high concentrations of cyto- 
kinin are required, with the best combinations resulting in up to 45% shoot regen- 
eration [48]. 


3 Fast-Checking the Efficiency of Targeted Mutagenesis 
of CRISPR/Cas Reagents 


The process of plant genome editing is usually time-consuming as, in most instances, 
there is a need for regeneration of plants from tissue culture. Therefore, to have 
confidence that specific genome editing components will work, it is important to 
test the CRISPR/Cas system of choice and, especially, the gRNAs, before plant 
genome editing. 
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To assess the efficiency of CRISPR/Cas mutagenesis, the plant protoplast system 
is commonly applied. This system was used to analyze the efficiency of CRISPR/ 
Cas vectors designed and built to target oilseed rape loci encoding proteins involved 
in the metabolism of guanosine tetraphosphate (ppGpp) and guanosine pentaphos- 
phate (pppGpp) — RelA/SpoT Homeologs (RSH]), which are likely to be involved 
in seed development, maturation and longevity [44, 49, 50]. Importantly, before 
checking the efficiency of editing, the transfection efficiency of the protoplast sys- 
tem can be determined with a GFP expressing vector, with the help of a microscope. 
Similarly, one can actually check whether CRISPR/Cas constructs were delivered 
into protoplasts and with what frequency. It has been shown that the efficiency of 
PEG-mediated transfection depends on cultivar and concentration of PEG used for 
the transfection. Using this approach, followed with multiplex amplicon sequenc- 
ing, it was determined that the rate of particular CRISPR/Cas-mediated edits at one 
of the RSH loci was in the range of 1-3% [44]. Genome editing events can be 
detected in many different ways, many of which were mentioned in Shillito 
et al. [51]. 

Very recently, another interesting system was proposed to avoid the traditional 
lengthy explant transformation and regeneration process to study the gene-editing 
efficiency of various CRISPR/Cas constructs in oilseed rape — hairy-root cultures 
[52]. In this system, plant infection with Agrobacterium rhizogenes strains harbor- 
ing a hairy-root-inducing (Ri) plasmid causes an abnormal rooting on hosts’ tissues. 
After an agrobacterial infection at wounded sites, a T-DNA from the Ri plasmid is 
transferred to the host cells, where it is stably integrated into the plant genome. 
Subsequently, the expression of T-DNA genes leads to the induction of hairy roots. 
Agrobacterial strains carrying both Ri plasmid and artificial binary vector have been 
widely used for delivering foreign DNA into plant cells. Recently, using this sys- 
tem, researchers examined the mutation efficiency of nine different CRISPR/Cas9 
constructs to edit the auxin biosynthetic gene TRYPTOPHANAMINOTRANSFERASE 
(BnTAA 1; two paralogs). They showed that the plant-codon-optimized SpCas9 with 
the potato IV2 intron (pcoCas9) is more efficient in mutating the targeted loci 
than Staphylococcus aureus Cas9 (SaCas9; PAM — 5’-NNGRRT-3’) encoded by a 
gene that is about 1 kb shorter than pcoCas9 — 83.05% of mutated loci versus 
47.98%. Moreover, they observed a slight increase in efficiency when using a longer 
version of 35S promoter (1.3 kb) compared to the shorter one (0.4 kb) — 67.29% 
mutated loci vs 58.7%, respectively. The efficiency of mutagenesis was also 
increased in the presence of the SV40 nuclear localization signal (NLS) — by 25% 
(75.82% with NLS-Cas9 versus 50.53% with Cas9). With the most efficient con- 
struct — NLSpcoCas9 — 96.95% loci were mutated, with less influence on the pro- 
moter choice. Next, among pcoCas9 constructs, NLSpcoCas9 induced homozygous 
mutations with the highest efficiency (33% of the mutated loci) [52]. 

The hairy-root system is a fast and straightforward system — it makes it possible 
to evaluate the most effective gene-editing construct within approximately 2 months 
after transformation. According to the protocol of Jedličková et al. [52], hypocotyls 
of 18-day-old seedlings are used for Agrobacterium injection, and the first calli and 
hairy roots are detected after 2 weeks. Another advantage of this system is the 
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relatively high transformation efficiency (number of seedlings with emerging hairy 
roots over the number of injected seedlings). Three cultivars were tested (DH12075, 
Westar and Topas), and it was observed that the transformation efficiency was 97%, 
84% and 42%. It is worth noting that Topas is a cultivar recalcitrant to petiole-based 
transformation. Hence, this system seems to work in a genotype-independent man- 
ner. Furthermore, hairy roots with homozygous/biallelic mutations can be used to 
some degree for functional gene studies, e.g. when the analyzed genes encode pro- 
teins involved in the production of metabolites, as the hairy roots have been used for 
the production of secondary metabolites or to Investigate phytoremediation pro- 
cesses. Next, as it has been shown in the case of B. napus, using the edited hairy 
roots, one can regenerate plants applying appropriate protocols [52]. 


4 Oilseed Rape Plant Regeneration 


One of the milestones of oilseed rape molecular breeding has been an efficient in 
vitro regeneration, though regeneration rates are genotype-dependent. Several elite 
B. napus varieties have not been easy to transform. At present, the reported varieties 
for A. tumefaciens-mediated genetic transformation include spring oilseed rape 
varieties (e.g., cv. “Westar”, “862” and “Haydn’’) and semi-winter varieties (e.g., cv. 
“J9707", “J9712” and “ZS6”) [17]. For many years, researchers aiming to improve 
B. napus plant regeneration protocols have focused on applying explant/chemical 
approaches, which are based on testing explants and different ratios of auxin and 
cytokinin to induce cells to differentiate into whole plants [53]. So far, the most 
widely used method for the development of genetically modified B. napus plants 
has been the Agrobacterium-mediated hypocotyl transformation [e.g., 16, 17, 38, 
54-57]. However, this method, even after modifications and other methods applied 
so far are genotype-dependent [40, 58]. 

Recently, an alternative, genotype-independent A grobacterium-mediated B. napus 
transformation method was developed that is rapid and amenable for high- 
throughput transformation and CRISPR/Cas-mediated genome editing; the method 
is based on epicotyl and higher stem (internodal) segments (3—4 mm), and it has 
been successfully implemented in multiple oilseed rape genotypes, though with 
varying transformation efficiencies. Epicotyl segments produced significantly 
higher rates of shoot formation compared to hypocotyl segments across all geno- 
types tested [40]. 

An efficient and likely genotype-independent system to obtain edited plants is 
plant regeneration from hairy roots. Recently, an optimized regeneration protocol 
for B. napus cultivar DH12075 was proposed [52]. Using this system, in combina- 
tion with embryo rescue (21-28 days after pollination) from seeds containing 
torpedo-stage embryos or older, it is possible to obtain transgene-free T1 plants with 
desired mutations roughly | year after agrobacterial transformation. Moreover, the 
protocol was used for regenerating plants from hairy-root cultures of Topas, a vari- 
ety referred to as being in many instances recalcitrant to transformation and plant 
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regeneration. The system nonetheless has some disadvantages. The rol genes, which 
are crucial for hairy root formation, encoded on the T-DNA of the Ri plasmid, are 
integrated into the plant genome, and their presence in regenerated plants is respon- 
sible for altered growth characteristics called “Ri phenotype”. Thus, to obtain trans- 
gene free and Ri phenotype free plants, one has to carry out segregation analyses to 
obtain plants with neither the Ri T-DNA nor the CRISPR/Cas T-DNA [52]. 

Recently, to improve plant regeneration, molecular genetic-based methods have 
been studied [53]. These methods require transfer of sequences encoding morpho- 
genic factors/developmental regulators, including WUSCHEL (WUS2) or BABY 
BOOM (BBM), that significantly improve the efficiency of plant regeneration and 
allow the regeneration of thus-far recalcitrant genotypes [53, 59]. However, in order 
to avoid genotype-specific pleiotropic effects, including abnormal plant growth and 
infertility, the expression of these genes must be regulated. To solve this problem, 
one can use the system based on overexpressing of a fusion protein combining tran- 
scription factor GROWTH REGULATING FACTOR 4 (GRF4) and its co-factor 
GRF-INTERACTING FACTOR 1 (GIF1) or of Arabidopsis GRF' and/or its homo- 
logs, which helps to enhance plant regeneration and transformation without affect- 
ing plant growth and fertility [60, 61]. In oilseed rape (cv. “BNS3”), overexpression 
of AtGRF5, AtGRF6, AtGRF9 or BnGRFS-LIKE was shown to significantly increase 
transgenic callus production of hypocotyl explants; however, it had no significant 
impact of shoot formation [61]. 

Tissue culture procedures are often technically demanding, time-consuming and 
laborious. Hence, no-tissue-culture-required delivery methods, which are genotype- 
independent, such as nanoparticles [62] or virus delivery [63, 64], could be very 
helpful to further extend the application of CRISPR/Cas in oilseed rape genome 
editing. The floral-dip method, commonly used for Agrobacterium-mediated trans- 
formation of A. thaliana plants [65], is another such method. This approach was 
already applied to transform B. napus plant but not in combination with genome 
editing [66, 67]. The drawback of this method is that, to transform oilseed rape 
plants in this way, one must wait a relatively long time until the plants reach inflo- 
rescence, which is much longer for B. napus than for A. thaliana. To overcome this 
problem, it is possible to generate and use rapid flowering lines. One such example 
is fast-flowering mini maize, amenable to transformation and editing, with a seed- 
to-T 1-seed time of 5.5 months compared to over 9 months for other genotypes [68]. 


5 New Applications of CRISPR/Cas Technology in Oilseed 
Rape Precision Breeding 


CRISPR/Cas9 system was first applied in oilseed rape to target two ALCATRAZ 
(ALC) homologous genes for site-directed mutagenesis to avoid seed loss during 
mechanical harvest by increasing shatter resistance [69]. Since that time, this system 
has been applied for oilseed rape gene function research and genetic improvement 
relating to weed control, flowering, self-incompatibility, plant hormone biology, 
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abiotic and biotic stress resistance, grain composition and pod shatter reduction. 
Since most of these achievements were well described in recent review reports [16, 
17, 19-21], here, only the most recent applications of the CRISPR/Cas technology 
in B. napus (and closely related species) precision breeding that have been accom- 
panied by field experiments will be summarized. 

CRISPR/Cas9 technology was used to create targeted mutations on two homolo- 
gous copies of the FAE/ gene (on the A08 and C03 chromosomes), which plays a 
decisive role in the synthesis of erucic acid, in three B. napus germplasms with high 
EA (>30%) and high oil (>50%). The EA content was significantly reduced by more 
than 10 percentage points in the mutant of BnC03.FAE1/, while the double mutation 
of BnAO8.FAE] and BnC03.FAE1 resulted in nearly zero EA in three BnFAE]- 
edited germplasms, and the oleic acid content was increased in different degrees. 
The confirmed homozygous T2 mutant lines without Cas9 were grown in an experi- 
mental farm in China, and the field management was performed in line with stan- 
dard breeding practice. The agronomic yield-related traits, including plant height, 
branch height, branch number, silique length, number of siliques per plant, 1000- 
seed weight and yield per plant, were measured. It was concluded that growth and 
yield of the mutant plants were not significantly different in comparison to wild type 
plants. These results provide a way for future low-EA breeding, broadening 
the resources of B. napus with low EA [57]. 

CRISPR/Cas9 MYB28-edited Brassica oleracea plants were the subject of the 
first CRISPR/Cas field trial in the United Kingdom approved and regulated by the 
UK Department for Environment, Food & Rural Affairs after the reclassification of 
gene-edited crops as genetically modified organisms by the European Court of 
Justice on July 25, 2018. The MYB28 gene encodes a transcription factor character- 
ized as a key regulator of aliphatic glucosinolate (A-GSL) biosynthesis in Brassica 
genus. A-GSL derivatives may contribute to the putative health-promoting effects of 
cruciferous plant vegetables. Knocking out of MYB26 resulted in downregulation of 
A-GSL biosynthesis genes and reduction in accumulation of the methionine-derived 
glucosinolate — glucoraphanin, the precursor for isothiocyanate sulforaphane, which 
is believed to have health-promoting effects — in leaves and florets of field-grown 
broccoli plants [70]. These results demonstrate the potential for the gene-edited 
plants to express the improved traits when grown in field conditions. 


6 Conclusions 


CRISPR/Cas-mediated genome-editing offers great potential for both genetic 
improvement and biological research. Hence, this technology is being constantly 
developed, especially to make it more widely applicable and efficient for economi- 
cally important crop species, such as oilseed rape. One of the improvements in the 
CRISPR/Cas technology is the application of new or improved CRISPR/Cas 
reagents (e.g., Cas12a, with its differing PAM requirement comparing to Cas9) and/ 
or ways of their expression, which have increased the scope and efficiency of 
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targeted mutagenesis. An important step was developing and improving methods of 
delivering CRISPR/Cas reagents, or of sequences encoding them, which has a tre- 
mendous impact on the final time that it takes to obtain transgene-free CRISPR/Cas 
edited plants and/or the efficiency of transformation and regeneration. Next, impor- 
tant protocols have been developed for analyses of different CRISPR/Cas variants/ 
gRNAs to assess their efficiencies before applying to obtain edited plants. Lastly, 
setting up genotype-independent regeneration protocols to obtain mutations in a 
desired elite germplasm has been a tremendous achievement. 

However, although the presented tools and methods serve to make a major con- 
tribution to more efficient and rapid gene discovery and functional characterization, 
some CRISPR/Cas variants and methods applied in the frame of genome editing in 
plants await implementation in B. napus precision breeding. These include the 
application of editing technologies such as homology-directed gene editing or 
prime-editing to enable the most precise and defined edits in this crop. Furthermore, 
increasing the overall efficiency of regeneration protocols remains an active area of 
research. 

The CRISPR/Cas system has even further scalability; one can use it to either 
regulate gene expression or introduce a single base change or introduce/remove epi- 
genetic marks, by using a system where, respectively, a transcriptional activator/ 
repressor or a base editor or a protein introducing/removing epigenetic marks is 
linked to a Cas endonuclease that functions as a nickase or a “dead” Cas [71, 72]. 
While some of these applications have already been applied in B. napus precision 
breeding [16, 20], some still await implementation. 

The next reasonable step is to introduce the gene-edited traits through introgres- 
sion breeding into elite varieties or, when genotype dependency does not play a role, 
apply the CRISPR/Cas technique to directly modify these elite varieties. 
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Chapter 19 A 
Targeted Gene Editing in Pome Fruit gei 
Genetics and Breeding: State-of-the-Art, 
Application Potential and Perspectives 


Hanne Claessen, Pollien Aert, and Nico De Storme 


Abstract Even though traditional breeding of perennial fruit trees such as apple 
and pear has resulted in high performing cultivars in the past, it is a very lengthy and 
costly process that is unable to keep up with the increasing demands for improved 
yield, resistance and fruit quality posed by the growing world population and the 
rapidly changing climate. In the last decade, significant research advances have 
been made that can revolutionize pome fruit breeding to meet current needs, includ- 
ing the sequencing of apple and pear genomes, the increased understanding of asso- 
ciations between gene(s) and traits of interest, and the advancement in genetic 
engineering tools. In particular the emergence of genome-editing tools such as the 
CRISPR/Cas9 technology can significantly improve the speed and accuracy of 
pome fruit breeding programs. This chapter reviews the progress, opportunities and 
challenges of genome editing tools in apple and pear, and discusses the genetic basis 
of several important breeding goals to find possible targets for new gene-editing 
applications. 


1 Introduction 


The term “pome” refers to an accessory fruit produced by temperate tree species 
belonging to the maleae tribe of the Rosaceae family. The best-known and economi- 
cally most important pome fruits are apple and pear. In 2020, apples were among 
the five most produced fruit crops worldwide together with watermelons, bananas, 
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oranges and grapes with 88.3 million metric tons [1]. Both apples and pears are 
commercially grown in over 50 countries with China being the top producer for 
both fruit crops [2]. Due to their economic importance and the wide geographic 
distribution of their production, ongoing breeding programs are present all over the 
world aiming to improve various traits including higher yield, increased disease 
resistance, and improved fruit quality [3-5]. 

Pome fruit breeding is an expensive and lengthy process due to biological char- 
acteristics typical of woody tree species, namely a long juvenile period (5-7 years), 
self-incompatibility, high heterozygosity, a limited available gene pool for new 
traits, and a large genome size and chromosome number [6, 7]. In a classical breed- 
ing scheme, selected parents are intercrossed to create hybrid seedling populations, 
consisting of a pool of unique genotypes, followed by a strict selection of the best 
performing progeny clone. Due to the limited genetic variation present in advanced 
breeding material and established cultivars, it is often necessary to use wild or semi- 
wild gene pools as sources for the introduction of new traits. Pre-breeding to obtain 
suitable parents from these (semi-)wild gene pools that can be crossed with elite 
germplasm takes decades due to the long life cycle and the need for repeated cycles. 
More specifically, the introgression of desired alleles originating from donor variet- 
ies with a minimum of linkage drag and concomitant selection for various other 
traits, requires multiple generations of hybridizations followed by selection, and 
thus significantly adds to the breeding time [7]. Alternatively, non-GMO breeding 
techniques that are used include interspecific hybridization, induced mutagenesis 
and polyploidization. Also, a wide range of genetic and molecular tools have been 
used to improve the efficiency and selection accuracy of pome fruit breeding pro- 
grams such as genetic linkage maps, molecular markers and whole genome sequenc- 
ing [8—11]. Each of these techniques have their own advantages and drawbacks, but 
many of the limitations remain similar to traditional breeding. 

Recently, the introduction of genome editing techniques such as CRISPR/CAS 
has provided efficient ways to introduce precise mutations in plants. These tech- 
niques are especially beneficial in clonally propagated fruit tree species since they 
can generate improved breeding outcomes compared to conventional techniques 
without the extensive backcrossing and associated linkage drag that is necessary 
when introgressing new traits in established cultivars [12]. These genome editing 
techniques have the potential to greatly accelerate and improve the breeding process 
of woody fruit tree species, even though important challenges and limitations still 
need to be overcome to allow their broad scale application. 

This chapter reviews the recent progress in the application of genome editing 
techniques in apple and pear, as well as the specific opportunities and challenges. 
We also outline and discuss important genes underlying economically interesting 
traits which could be used as valuable targets for gene-editing. 
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2 Genome Editing Technologies in Pome Fruit Trees 


Genome editing refers to the use of genetic transformation techniques that can be 
used to precisely edit the plant genome [13]. There are three main genome editing 
approaches that are all based on the use of engineered nucleases, namely zinc finger 
nucleases (ZFNs), transcription activator-like effector-based nucleases (TALEN) 
and clustered regularly interspaced short palindromic repeats associated nucleases 
(CRIPSR/cas) [3]. These nucleases can be designed to bind a specific target DNA 
sequence in the genome of the plant where they induce a double-strand break (DSB) 
which is subsequently repaired by one of the two following processes, homology 
directed DNA break repair (HDR) or non-homologous end joining (NHEJ) [14, 15]. 
Plant transformation is generally performed using Agrobacterium tumefaciens fol- 
lowed by regeneration of transgenic tissue in vitro. This paragraph describes the 
current use, adaptations and limitations of these three genome editing techniques in 
pome fruit breeding. 


2.1 Zinc Finger Nucleases (ZFNs) 


Zinc finger nucleases were one of the first editing technologies [16]. They are arti- 
ficial enzymes generated by fusing a zinc-finger DNA-binding domain to a nonspe- 
cific DNA-cleavage domain of the Fok I endonuclease enzyme [13, 17]. A pair of 
custom designed ZFNs bind to the DNA at the target location and together form an 
active dimer nuclease complex [18]. ZFNs have been successfully used for targeted 
mutagenesis in many species including Arabidopsis [19, 20], soybean [21], rice 
[22], and populus [23]. To our knowledge, only a single successful instance of ZFN 
application in pome fruit has been published [13]. The authors validated the use of 
ZENs in apple and fig using a visual transgenic repair assay based on activation of 
a mutated uidA gene, which encodes the GUS reporter protein. The overall effi- 
ciency in apple was around 10% and the authors concluded that the genome editing 
approach was suitable for application in fruit tree species. However, although the 
technique has been around for almost three decades, the adoption of ZFNs in plant 
breeding is limited mainly due to their low efficiency, the complex construction of 
the zinc finger region that interacts with DNA and severe off-target effects [24—27]. 


22 Transcription Activator-Like Effector Nucleases (TALENs) 


Another genome editing approach is based on the family of proteins known as tran- 
scription activator-like effectors (TALEs) which are produced in bacteria including 
plant pathogenic Xanthomonas species. These effector proteins have a DNA bind- 
ing domain which is linked with a catalytic domain of an endonuclease like Fok I 
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[18, 25]. TALE nucleases (TALENs) with desired specificities can be created 
through modification of the DNA binding domain to target specific locations in the 
genome. The nucleases there act like molecular scissors that produce DSBs which 
are repaired with the cellular repair mechanisms leading to deletions, insertions, 
replacements or rearrangements [18, 25]. 

TALEN-mediated genome editing has been successfully applied in rice [28, 29], 
wheat [30], maize [31], and sugarcane [32, 33] among others. However, to our 
knowledge, no application of TALEN-based transformation has been applied in 
apple or pear or even any other woody fruit tree species such as citrus or prunus. 
Although TALENs have some advantages over ZFNs, such as lower toxicity and 
somewhat simplified construction, the CRISPR/Cas approach has quickly surpassed 
both ZFNs and TALENs as method of choice in plant genome editing [26, 27]. 


23 CRISPR/Cas Systems 


Currently, clustered regularly interspaced short palindromic repeats (CRISPR)- 
based genome editing has become the most reliable and cost-effective approach in 
plant research. Unlike ZFN and TALEN, the DNA-recognition, based on RNA- 
DNA interactions, is faster, cheaper and generally more efficient [17, 34]. In plants, 
CRISPR/Cas 9 is the most used system and consists of a Cas 9 nuclease and a single 
guide RNA which replaces the original CRISPR RNA (crRNA) and trans-activating 
CRISPR RNA (tracr RNA). The gRNA contains a unique sequence of 20 bp which 
preceeds a protospacer adjacent motif (PAM). This gRNA binds the Cas 9 nuclease 
and directs it to a complementary target sequence on the genomic DNA. The two 
nuclease domains of the Cas 9 protein (RuvC and HNH) will then cleave the target 
sequence at three nucleotides upstream of the PAM site, leaving predominantly blunt 
ends [26, 35]. 

The CRISPR/Cas9 method has been widely adopted in plant research and has 
been used in many crops including pome fruit species. It was first used in apple to 
modify an apple phytoene desaturase (PDS) gene which encodes an essential plant 
carotenoid biosynthetic enzyme required for chlorophyll biosynthesis. Knock-out 
of this gene leads to an albino phenotype making it an easy visual marker [34, 36]. 
CRISPR/Cas9 was also used to reduce susceptibility to fire blight in apple [37], and 
induce early flowering in apple and pear [38]. It has also been applied in wild apple 
to target the MsPDS gene [39]. To date, nearly all applications in pome fruit use the 
CRISPR/Cas9 system, however alternative CRISPR systems can be applied as well 
[40]. One example is the CRISPR/Cas12 system, previously known as Cpf1, which 
also belongs to the class 2 CRISPR systems, but lacks the HNH domain and gener- 
ates a staggered cut with a 5 nt 5’ overhang [41]. CRISPR/Cas12 has been success- 
fully applied in other woody, perennial tree species such as poplar [42] and citrus 
[43]. Alternative CRISPR/Cas systems may be more suitable in specific situations, 
for example the CRISPR/Cas12 can be used to target T-rich regions of the genome 
which is difficult with CRISPR/Cas9 [44]. 
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Base-editors are another type of genome-editing tools. They are derived from the 
CRISPR/Cas9 approach and allow precise nucleotide substitutions without double 
stranded breaks [45]. In plants, DSBs are generally repaired using the NHEJ mecha- 
nism which creates small insertions or deletions in the target sequence and usually 
results in gene knock-out. The alternative HDR mechanism can precisely introduce 
point mutations using template DNA, however it is very inefficient, especially in 
plants [45]. Base editors don’t use DSBs, but create precise base substitutions of 
A-to-G or C-to-T using a nickase Cas9 (nCas) coupled to either an adenine deami- 
nase (ABE) or a cytidine deaminase (CBE), respectively [45, 46]. The CBE-nCa9s 
fusion converts cytosine to uracil without cutting the DNA and this uracil is later 
converted to thymine through DNA replication or repair. Similarly, the ABE-nCa9s 
fusion converts adenine to inosine which is later converted to guanine. A uracil 
DNA glycosylase inhibitor protein (UGI) can be added to the construct to prevent 
uracil excision which lowers the efficiency of the transformation [46]. Malabarba 
et al. [45] applied a CBE base editing system including a UGI sequence and the 
nCas9-PmCDA 1 fusion for the first time in apple and pear on two targets, acetolac- 
tate synthase (ALS) and phytoene desaturase (PDS). The authors induced a stop- 
codon in PDS and an amino-acid substitution in ALS in apple and pear resulting in 
chlorsulfuron herbicide resistant, dwarfed, albino plants. The study proved the fea- 
sibility of targeting multiple genes with base editing in apple and pear but also 
revealed important challenges that still need to be addressed. 


2.4 Limitations of Genome Editing 


Despite the advantages and many potential applications of these new genome- 
editing tools, important challenges still remain. While most studies currently use 
CRISPR-based methods for genome editing, many of the limitations listed here also 
apply to ZFN and TALEN methods. 

A first major drawback of these genome-editing tools, including CRISPR-based 
methods, is insufficient target specificity and accuracy. Off-target cleavage can 
occur when the first 17—20 nucleotides of the seRNA match with other regions in 
the genome instead of solely with the target and also in apple, these off-target muta- 
tions have been reported [45]. 

Another problem is the production of chimeras. Several of the studies on the 
genome editing of pear and apple discussed in this chapter report the production of 
chimeras during regeneration of transformed apple or pear plants [45]. Chimeras 
consist of genotypically distinct cells or tissues which may refer to transformed vs 
non-transformed cells, but also to transformed cells with different mutant alleles 
where the genome editing machinery has introduced distinct mutations in the same 
gene of different cells [45]. For example, Charrier et al. [38] reported a high rate of 
phenotypic chimeras (64% of regenerated transgenic plants) and editing chimeras 
(88% of pure albino phenotype transgenic plants) after CRISPR/Cas9 KO of the 
PDS gene in apple. The number of editing chimeras also seemed to increase during 
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the regeneration period, possibly due to the continued expression of the CRISPR/ 
Cas9 cassette. Elimination of chimeras is necessary to establish stable mutants that 
can reliably pass on the desired trait to progeny. However, exclusion of chimerism 
through sexual reproduction of the transgenic plants is difficult in the highly hetero- 
zygous and self-incompatible woody fruit tree species. Alternatively, adventitious 
shoot regeneration may be used, but this process takes several rounds of regenera- 
tion [45]. Another possible method is the direct delivery of CRISPR/Cas9 ribonu- 
cleoprotein (RNPs) into protoplasts which could decrease the number of produced 
chimera [47]. Direct transfection of apple and grapevine protoplasts has already 
been performed by delivery of cas9 and gRNA using PEG solution [48, 49]. 

Transformation efficiency in fruit trees is generally still very low compared to 
herbaceous plants even using CRISPR/Cas9. One major obstacle contributing to 
this low efficiency is the highly recalcitrant nature of these species to both genetic 
transformation and in vitro regeneration [50]. In addition, this transformation and 
regeneration efficiency seems to vary significantly based on the target, transformed 
cell type, delivery method, regeneration method, species and even genotype. For 
example, pear transformation seems to happen at lower efficiency compared to 
apple: the use of the CRISPR-Cas9 system to knock out Terminal Flower 1 (TFL1) 
genes in apple and pear to obtain the early-flowering genotype, resulted in 93% of 
apple transgenic lines compared to 9% of pear transgenic lines [38]. A recent study 
attempted to increase transformation efficiency in apple through ectopic expression 
of MdBBM1 which promotes plant regeneration [50]. However, it seems that exten- 
sive protocol optimization remains necessary for transformation and regeneration of 
different species and even different cultivars. This also makes obtaining a trans- 
formed plant, albeit less laborious than conventional transgenesis, still very cumber- 
some, especially since regenerated plants still require screening and quality control. 

Finally, there is considerable public concern regarding transgenic plants. After 
the custom-designed nucleases are transformed into transgenic plants and have 
induced the desired DSB and mutation, they have to be removed to obtain transgene- 
free plants. This can happen via genetic segregation and back-crossing, but this 
method is less suitable for fruit trees [13]. Better approaches include transient 
expression of CRISPR/Cas9 or the use of preassembled CRISPR/Cas9 ribonucleo- 
proteins (RNPs) [37, 51]. 


3 Application Potential of Genome-Editing 
for the Advancement of Important Pome Fruit 
Breeding Goals 


3.1 Yield Improvement 


Higher yield is one of the most important traits to achieve in plant breeding, albeit 
also one of the most difficult since it is a quantitative trait that is determined by 
many underlying small-effect genes and is highly influenced by environmental 
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conditions and management practices [52]. The complex backeround of yield makes 
this trait in itself very difficult to use as a specific breeding target, especially for 
targeted gene-editing. Instead, it can be considered as a combination of two traits, 
fruit number (crop load) and fruit size, which need to be carefully balanced and 
which are both still the result of a complex, multigenic regulation with significant 
environmental impact. 

No known pome fruit breeding programs have increased crop load as a breeding 
target. Instead, a lot of research is focused on crop load management to minimize 
biennial bearing and low fruit size due to overcropping. Good management prac- 
tices to optimize fruit load include cultivar-adapted pruning to optimize the light 
penetration into the canopy and the distribution of spurs versus extension shoots, 
thinning of flower buds, flowers and fruitlets, and well-considered root-stock 
choices to control vegetative growth [53, 54]. High and stable crop load in apple and 
pear are therefore mainly indirectly targeted in breeding programs through more 
specific objectives such as root stock breeding, optimized tree architecture and 
decreased biennial bearing tendency. Tree architecture and biennial bearing are dis- 
cussed more elaborately later in this chapter. 

Similarly, fruit size is also largely determined by environmental factors including 
orchard management, flower fertilization success, seed number and current crop 
load [55]. However, more information is available on the genetic basis of fruit size 
potential compared to crop load since studies often use single fruit weight as an 
indicative measurement. Fruit size is a complex quantitative trait that is controlled 
by multiple genes [56]. It depends on the number of cells, the size of the cells and 
the size of the intracellular spaces [57]. Many QTLs and several major-effect genes 
have been identified in different studies [56]. Some interesting major-effect genes in 
apple were homologous to Arabidopsis cell expansion gene AtSAUR19 and tomato 
fruit size/shape determining genes SIOVATE and SUN [58]. Also, several miRNAs 
have been associated with fruit weight. For example, overexpression of miR172p in 
transgenic “Royal Gala” apple significantly reduced fruit size [56]. These miRNAs 
are part of a large superfamily of transcription factors that play important roles in 
growth, development and stress response in higher plants [59]. However, the exact 
functions of most of these genes and miRNAs remain elusive and more research is 
necessary before they can be reliably used to improve fruit size using 
genome-editing. 

Still, yield as such is often not a primary breeding objective since many other 
traits are considered at least as important as high yield for the acceptance of a culti- 
var for commercial production. These traits include many practical aspects of fruit 
production such as efficient orchard management (trees must be easy to harvest and 
cheap to maintain), disease resistance, production stability, storability, and trans- 
portability. Also many fruit quality characteristics such as flavor, texture, firmness, 
fruit size and novelty are important for marketability. These traits are breeding 
objectives in their own right and the most important ones are further discussed in 
this chapter. 
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3.2 Fruit Quality Attributes 
3.2.1 Sensorial Fruit Quality 


The sensory or organoleptic quality of apple and other fresh fruits is determined by 
three main parameters, namely taste, texture and aroma. These three major sensory 
fruit quality attributes each independently impact the sensorial evaluation of the 
fruit, but also exhibit an intricate interplay that largely determines the overall taste 
and appreciation of fresh fruit. Some organoleptic quality attributes, like soluble 
sugar content, titratable acid (TA) and fruit firmness can be quantified using bio- 
chemical assays. However, these singular quality attributes only provide partial 
insights of the fruit quality and the evaluation of organoleptic fruit quality is there- 
fore still mainly performed via sensory panels. Research on existing cultivars sug- 
gests that, in general, consumers prefer apples with firm, crisp texture, that are 
moderately juicy and that have a balance of sweet to acid taste. These sensory fruit 
quality attributes, together with a specific aroma profile, present one of the main 
targets for consumer-focused plant breeding in apples. 

Genetic mapping and association studies in apple and other fruit species have 
revealed that many of these sensory fruit quality attributes including juiciness, 
crispness, mealiness, skin color, russet frequency, titratable acidity and soluble sol- 
ids content have a complex regulation, and are quantitatively determined by a broad 
range of genomic regions with significant environmental impact [60-64]. This com- 
plex regulation with involvement of many genes as well as significant impact from 
the environment makes it more difficult to improve these fruit quality attributes 
through targeted gene editing, since (i) key regulatory genes have to be known and 
sequence-identified, (ii) desired alleles have to be characterized (additivity) together 
as well as the most optimal combination of alleles at different loci (dominant and 
epistatic effects), and (iii) all desired alleles have to be genetically engineered within 
the same generation. 

Despite this complex regulation of various aspects of sensorial fruit quality, 
some major causative genes have been found to regulate specific aspects of fruit 
taste, texture or aroma and often the most desired allele, i.e. conferring an optimal 
level of a specific fruit quality parameter, is already known (as well as the genetic 
source). However, for most of these genes, a specific allelic DNA sequence variant 
conferring fine-tuned activity of the encoded protein, is desired, rather than a func- 
tional knock-out or null mutant, implying that desired traits can only be genetically 
introduced by advanced editing methods that either introduce nucleotide base pair 
switches (base editing) or enable allele replacement (HDR — homology directed 
recombination). These advanced gene editing techniques are only recently available 
for apple and other perennial fruit trees, and their use and applicability to modulate 
organoleptic fruit quality has, up till now, not yet been demonstrated. However, 
studies in other fruit species have shown that targeted editing of specific genes can 
be used to improve the sensorial quality of fresh fruit. In the following sections, key 
genes that determine the expression of different fruit quality attributes are outlined 
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together with their desired genetic configuration (allelic variants), with a predomi- 
nant focus on genes that can be functionally depleted to obtain the desired phenotype. 

Fruit taste refers to the basic sensory evaluation of the fruit commodity (sweet, 
sour, bitter, etc.) and for apple and other pome fruit species mainly depends on the 
content and composition of soluble sugars and organic acids [65]. Although the 
overall content of both these types of macromolecules is important, it is mainly the 
relative sugar/acidity ratio (TSS/acidity balance) of the fruit that determines the 
fruit’s characteristic taste, implying that both aspects are linked and always need to 
be improved in parallel. The sweetness of the apple fruit is predominantly deter- 
mined by sorbitol and the total content of soluble sugars (SSC), with no direct effect 
of single sugars (like sucrose, glucose, fructose, xylose), though with significant 
contribution from several volatile compounds, like esters and farnesene [66]. In line 
with the complex metabolic pathways of each of these sweetness-contributing 
chemicals, genetic assays have revealed that the sweetness of pome fruit is deter- 
mined by multiple genetic loci, with each loci only having minor effects [56, 67— 
70]. For the fraction of fructose and sucrose in the total sugar pool, however, a major 
locus was identified on linkage group | that respectively explains 47% and 27% of 
the total variance [67]. This locus harbors the VINI vacuolar invertase 
(MDP0000149570), which enzymatically confers hydrolysis of sucrose into glu- 
cose and fructose to regulate the entry of sugars into different metabolic pathways 
[71]. Similarly, a pedigree-based QTL mapping approach in a “Honeycrisp”’-derived 
germplasm identified and validated three large effect QTLs, i.e. on LG1, 13 and 16, 
that were consistent across multiple years for the total SSC content in apple fruit 
[70]. However, the causative genes have not yet been identified. Targeted gene 
expression studies throughout apple fruit development have shown that the accumu- 
lation of fructose in later stages coincides with an enhanced expression of the tono- 
plast monosaccharide transporters (TMTs) MdTMTI and MdTMT2 which convert 
the excess amount of imported sugars into starch. At final fruit maturation, the accu- 
mulation of sucrose overlaps with an elevated expression and enhanced activity of 
the sucrose-phosphate synthases (SPS) MdSPS5 and MdSPS6, which catalyze the 
transfer of a hexosyl group from UDP-glucose to D-fructose 6-phosphate to form 
UDP and D-sucrose-6-phosphate [72]. A combined QTL and transcriptomics study 
in Asian pear (Pyrus pyrifolia) identified two sucrose transport genes (PpSUT, 
LOC103964096, and LOC103940043) that are negatively correlated with the sugar 
content in ripening fruit [73]. In addition, two sorbitol dehydrogenase genes (PpSDH 
genes, LOC103960512 and LOC103960513), were also found to be negatively co- 
expressed with total sugar content in the fruit, indicating that these act as antago- 
nists of fruit sweetness [73]. Plants harbor different types of sugar transporters, and 
the SWEET-class of sugar transporters (i.e., Sugar Will Eventually Be Exported 
Transporters) have been found to play a major role in sugar accumulation in the fruit 
of apple as well as various other fruit tree crops. Marker-based association studies 
thereby revealed that in particular three SWEET genes, i.e. namely MdSWEET2e, 
MdSWEET9b, MdSWEET 15a, are significantly associated with total sugar content 
in the fruit, with MdSWEET 15a and MdSWEET9b accounting for a relatively large 
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portion of the phenotypic variation (and located on a region harboring a QTL for 
sugar content) [74, 75]. 

Fruit acidity is a major determinant of the overall apple flavor and strongly influ- 
ences the perception of other flavor traits such as sweetness and aroma. The pH of 
fresh apples generally ranges from 3.3 and 4.0, making them mildly acidic, and this 
is almost exclusively attributed to the accumulation of organic acids, with malic 
acid forming the major fraction (+90% of all organic acids) followed by quinic acid 
(+5%), citric acid (+1,5%) and small amounts of ascorbic, shikimic, maleic and 
tartaric acid [76, 77]. While in wild apple varieties fruit acidity is determined by the 
content of both malic and citric acid, in cultivated apple varieties citric acid is almost 
completely absent and fruit acidity is almost exclusively determined by malic acid 
[76, 78]. The concentration of malic acid can be measured sensorially through panel 
tasting, or more quantitatively by pH measurement, analytical methods (HPLC) or 
via titration of fruit juice, with the latter actually indicating the total content of 
organic acids as expressed in malic acid equivalents per fruit mass (TA: titratable 
acidity) [79]. Although acidity of freshly harvested apples is a complex trait, genetic 
studies have revealed that it is predominantly determined by two large effect QTLs 
together with various minor QTLs that mainly determine the variance in high acid- 
ity apple varieties (e.g. Ma4, Ma6, M2, and M3) [80-83]. More specifically, apple 
fruit acidity is genetically determined by one QTL on LG16, referred to as the Ma 
locus [84], and one on LG8, called the Ma3 locus [85], with both QTLs jointly 
explaining 66% + 5% of the phenotypic variation through an additive allele dosage 
model with incomplete dominance [86-88]. For the Ma3 locus on LG8, up till now, 
no candidate genes have been identified that control apple fruit acidity. In contrast, 
high resolution mapping and expression assays provided strong evidence that the 
aluminum-activated malate transporter gene (ALMT1 or Mal) is the fruit acidity 
determining-gene in the Ma locus [89]. ALMT1 encodes a membrane-associated 
protein that is targeted to the tonoplast and actively transports malic acid molecules 
from the cytosol to the vacuole, which serves as major subcellular repository for 
organic acids, hence contributing to its cellular accumulation [90]. The low acidity 
mal allele still localizes to the tonoplast but exhibits reduced malate transport func- 
tionality as compared to the pseudo-dominant high acidity Mal allele due to a 
84-AA truncation in the conserved C-terminal end domain [90]. Diversity studies in 
apple also showed that expression of Mal is significantly correlated with the fruit 
titratable acidity at harvest [89], making it a highly suitable candidate for direct 
modulation of fruit acidity through gene editing approaches. Recent studies pro- 
vided more insights into the regulation of these tonoplast transporters in apple fruit 
and identified several MYB transcription factors, including MdMYB1 and 
MdMYB73, as important regulators of vacuolar accumulation of malate. MdMYB1 
promotes the expression of two genes encoding B subunits of vacuolar Ht-ATPase 
(VHA), MdVHA-B1 and MdVHA-B2, and thereby transcriptionally activates its 
H+ pumping activity and enhances the transport of malate into the vacuoles [91]. 
Similarly, MdMYB73 transcriptionally activates MdALMT9, MdVHA-A and 
MdVHPI1 (vacuolar pyrophosphatase 1) to enhance their activity, leading to 
increased concentrations of malate and vacuolar pH [92]. The activity of MdMYB73 
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towards its downstream targets was thereby found to be positively influenced by the 
interaction with MdCIbHLH1. This transcriptional cascade (that promotes malate 
accumulation in the vacuole) is antagonized by the BTB-BACK-TAZ domain pro- 
tein MdBT2 which targets MdCIDHLH1 and MdMYB73 for ubiquitination and 
subsequent degradation by the 26S proteasome pathway, hence negatively regulat- 
ing accumulation of malate and vacuolar acidification [93]. Recently, another 
R2R3 — MYB transcription factor, namely MdMYB44, was found to control the 
fruit malate content and acidity in apple, though in a negative manner. MdMYB44 
represses the promoter activity of the malate-associated genes Mal (Aluminum- 
Activated Malate Transporter 9), Mal0 (P-type ATPase 10), MdVHA-A3 (V-type 
ATPase A3), and MdVHA-D2 (V-type ATPase D2), and thus suppresses vacuolar 
import and accumulation of malate. Importantly, specific SNPs in the promotor 
region of MdMYB44 thereby showed strong association with fruit malate content, 
i.e. either through their effect on basal activity or by altering affinity towards the 
basic-helix—loop—helix TF MdbHLH49 [94]. Parallel to MdMYB44, the protein 
phosphatase MdPP2CH also negatively regulates accumulation of malate in the 
fruit by post-transcriptionally suppressing the activity of the vacuolar H*-ATPases 
MdVHA-A3, MdVHA-B2 and MdVHA-D2 as well as the malate transporter 
MdALMTII through dephosphorylation [95]. As MdSAUR37 was thereby found to 
promote malate accumulation in the apple fruit by negatively regulating the 
MdPP2HC phosphatase activity, the MdSAUR37/MdPP2CH/MdALMTII chain 
was found to precisely determine apple fruit malate contents through hierarchical 
epistatic genetic effects [95]. Overall, multiple genetic factors that contribute to 
metabolism and vacuolar accumulation of organic acids, and particularly malic 
acid, in apple fruit have been retrieved with identification of both positive and nega- 
tive regulators and associated characterization of allelic effects. Despite the absence 
of concrete examples, these genetic insights provide a strong basis for precisely 
modulating the titratable acidity as well as the overall organoleptic appreciation of 
the apple fruit through targeted gene editing approaches such as CRISPR 
and TALENS. 


3.2.2 Nutritional Quality and Food Functionality 


During the last decade there has been a paradigm shift regarding consumer accep- 
tance towards fruits. Due to the general awareness of the impact of food consump- 
tion on personal health and overall increased welfare, consumers now also take into 
account the nutritional, functional, and physio-chemical factors of fruits, in particu- 
lar for fresh produce. Also for pome fruit, such as apple and pear, there is an increas- 
ing preference for varieties that have high levels of health-promoting compounds, 
such as essential vitamins, minerals, dietary fibers, antioxidants and other key phy- 
tochemicals. The visual characteristics (e.g. skin characteristics), eating quality 
(e.g. texture and flavour), and storability are among the main fruit quality traits 
being targeted in apple breeding programs, but the enhancement of phytochemicals 
is now gaining traction to select “bio-fortified” apple cultivars. However, despite 
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their relevance for public health, almost no directed selection for specific fruit bio- 
chemicals or overall augmented nutritional value has yet been performed. As a 
result, current apple varieties generally do not have high food functionality, and 
instead, for most nutritional parameters, have reduced contents or values as com- 
pared to their wild counterparts. For example, several studies reported that modern 
apple varieties have drastically reduced polyphenol content (particularly stilbenes, 
hydroxycinnamic acids, and dihydrochalcones) compared with the ancestral heri- 
tage, wild progenitors (Malus sieversii) and germline cultivars [96, 97]. Similar 
observations were made for organic acids, including malic and ascorbic acid, indi- 
cating significant counter-selection during domestication and breeding, most likely 
as indirect effect of selection against bitterness [96]. In contrast, some relevant fla- 
vonoids (flavonols and flavan-3-ols) and triterpenoids (ursolic, oleanolic, and betu- 
linic acids) did not show this selection-induced reduction in modern apple varieties 
[96]. Moreover, the few incentives that projected to increase the nutritional fruit 
quality in apple via conventional ways failed or only had limited success, mainly 
due to the complexity of the underlying biochemical pathways and adverse side 
effects on other agronomic or consumer-related attributes. 

Now, gene editing approaches allow specific enhancement of the health-related 
nutritional composition and food functionality of commercial apple cultivars, with- 
out affecting their typical flavor and fruit quality attributes, and therefore form an 
easy and straightforward method to improve general public health. Germplasm 
characterization studies have revealed dramatic variation in the content of various 
nutritional compounds in apple, including polyphenols, vitamin C, etc., indicating 
that the biochemical composition of the fruit is predominantly genetically deter- 
mined. However, genetic studies have shown that both the content and composition 
of these phytochemicals is generally under polygenetic control with multiple small 
effect genetic loci. This diluted genetic control largely impairs the genetic enhance- 
ment of these compounds through single gene editing approaches. Though, for 
some biochemicals, like polyphenols, the polygenetic control is mainly determined 
by a small number of genetic loci that have a small effect [98]. In these cases, 
knowledge of these genes (the relatively simple genetic architecture) may provide a 
basis to significantly optimize the content or composition of the specific compound 
of interest through targeted gene editing approaches. For many fruit bio-chemicals, 
underlying genetic loci (QTLs) and associated candidate genes have been identified 
in apple through genetic linkage mapping or association studies [63, 99, 100]. Using 
a combined genomics-metabolomics approach, both Khan et al. [100] and Bilbrey 
et al. [99] hereby detected a large number of metabolite quantitative trait loci 
(mQTL) spread along all chromosomes, with hot spots on the linkage groups 16 and 
17 for apple phytochemicals. However, up till now, only a few regulatory genes 
have actually been identified and were validated to play a functional role in the 
determination of the biochemical composition of apple fruit. 

For polyphenols, candidate genes for the production of quercetin, epicatechin, 
catechin, chlorogenic acid, 4-O-caffeoylquinic acid and procyanidins B1, B2, and 
C1 have been retrieved via mapping [98], however, no further functional validation 
has yet been performed and actual genetic regulators have not yet been identified. 


19 Targeted Gene Editing in Pome Fruit Genetics and Breeding: State-of-the-Art... 321 


Specifically for the dihydrochalcone phloridzin (phloretin 2’-O-glucoside), i.e. the 
most abundant phenolic compound in apple trees (Malus x domestica), regulatory 
enzymes have been identified via genomics and in vitro studies with validation 
through transgenic approaches. In particular, six glucosyltransferases (UGTs) have 
been identified which are able to selectively glucosylate phloretin, i.e. the direct 
precursor of phloridzin [101]. As a follow up, one recent study used genetic 
approaches, including RNAi and CRISPR, to analyze the function of one of these 
UDP-2’-O-glucosyltransferases, namely MdPGT1, in phenol metabolism, and 
thereby demonstrated that PGT1 stimulates the production of phloridzin in the 
leaves of apple with distinct morphological differences between knock-down and 
genome-edited mutant lines [102]. 

Anthocyanins form an important group of phenolic compounds, as they confer 
health-related benefits due to their antioxidant activity but also contribute to senso- 
rial fruit acceptance due to their role as a pigment. Several molecular regulators of 
anthocyanin metabolism have been identified, though most act in the biosynthesis 
and thus have a promotive effect on anthocyanin accumulation. For example, the 
anthocyanin biosynthesis pathway is transcriptionally regulated by the MYB- 
bHLH-WD40 (MBW) complex, with allelic variants of the enclosed MYB10/ 
MdMYBI TF [103] determining tissue-specific expression and thus controlling 
apple fruit (peel and flesh) as well as foliage color. Overexpression of MYB10 leads 
to a significant increase in foliar, flower and fruit anthocyanins, especially in the 
fruit peel, with no negative impact on sensorial quality and other consumer-related 
quality traits. However, due to their promotive effect, these regulatory genes do not 
form suitable candidates for CRISPR-based gene editing for enhancing anthocyanin 
contents. Besides these promotive proteins, two other MYBs have recently been 
identified as transcriptional inhibitors of anthocyanin biosynthesis; namely 
MdMYB6 and MdMYB306. Xu et al. (2020) showed that MdMYB6 inhibits antho- 
cyanin synthesis by directly inhibiting MdANS and MdGSTF12, i.e. two positive 
regulators of anthocyanin production, and by reducing contents of the precursors 
UDP-glucose and UDP-galactose by regulating the monosaccharide transporter 
MdTMTI [104]. In addition, a second R2R3-MYB TF, namely MYB306-like, was 
found to act as an anthocyanin repressor gene. More specifically, the MUMYB306- 
like protein activates the expression of an anthocyanin repressor gene, MdMYB17, 
and inhibits the expression of the anthocyanin structural gene MdDFR through 
direct promotor binding, and additionally interacts with MdbHLH33 and MdMYB17 
to enhance its TF regulatory activities [105]. In line with this, transient silencing of 
MdMYB6, MdBY306-like and MdMYB17 leads to increased anthocyanin concen- 
trations, indicating that these genes form interesting targets for CRISPR-based 
mutagenesis to obtain increased anthocyanin contents in apple fruit [105]. Besides 
these antagonistic regulators of anthocyanin identified in apple, genetic studies in 
various other fruit crop systems, i.e. in particular tomato, have also identified sev- 
eral other factors that operate in the flavonoid metabolic pathways to suppress or 
reduce anthocyanin production. These include the ATROVIOLACEA (ATV) 
R3-MYB protein [106] and the nuclear protein DE-ETIOLATED1 (DET1) [107]. 
Genetic loss of function of these proteins is associated with a significant increase in 
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anthocyanins in the mature fruit, making them excellent candidates for CRISPR 
based mutagenesis of their orthologous proteins in pome fruit for increasing antho- 
cyanin contents in the peel and the pulp. 

Another bio-chemical component with strong nutritional value as antioxidant is 
vitamin C or ascorbic acid (AsA). Besides its general role in oxidative stress mitiga- 
tion, dietary L-AsA also has various other important health benefits. Increased 
intake of vitamin C has been associated with a decreased incidence of several 
important human diseases, such as cataract, cardiovascular diseases, and cancers. 
Vitamin C also promotes the uptake of iron and zinc, which is particularly relevant 
in meat-poor diets. Humans cannot synthesize Vitamin C due to the absence of the 
gene encoding L-guluronic acid-1,4-lactone oxidase, which catalyzes the last step 
in the AsA synthesis pathway, and therefore completely rely on dietary intake of 
ASA to meet their daily requirements [108]. Fruits are the main source of human 
ASA intake, though fruit AsA levels in commercial pome fruit cultivars are gener- 
ally quite low as compared to other fruit species, such as lemon, orange and straw- 
berry, with apple and pear only containing 0.05-1.0 and 5—10 mg AsA per 100 g 
fresh weight, respectively [109]. The ascorbic acid metabolic pathway has been 
extensively studied in plants, and has been found to be rather complex involving 
several parallel pathways that include multiple enzymatic steps [108], with total 
AsA accumulation being regulated by transcription factors, protein interactions, 
phytohormones, and environmental factors. Despite the fact that most of the regula- 
tors have already been identified in model systems, their functional role and contri- 
bution in the AsA metabolism of pome fruit has not yet been resolved, although 
there are a few exceptions. For example paralogs of GDP-1-Galactose Phosphorylase 
(GGP) have been found to act as a major determinant of Vitamin C concentration in 
apple fruit, with specific alleles leading to a significantly higher level of Vitamin C 
content in the pulp [110]. However, as these alleles do not confer a functional GGP 
knock-out, but instead promote AsA biosynthesis through formation of specific pro- 
tein variants, these GGP paralogs do not form suitable candidate genes to boost AsA 
levels in the pome fruit via CRISPR mutagenesis. Therefore, it is still unclear which 
genetic factors can be used for the engineering of increased fruit AsA levels in pome 
fruit through CRISPR editing. 


3.3 Agronomic Traits 
3.3.1 Disease and Pest Resistance 


Apple and pear orchards are routinely plagued by insect pests, including aphids, 
mites, and caterpillars. Also many bacterial and fungal diseases are prominent in 
pome fruits. By far the most destructive bacterial disease is fire blight (Erwinia 
amylovora). Major fungal diseases include apple scab (Venturia inaequalis), pear 
scab (Venturia pirina and Venturia nashicola) and powdery mildew (Podosphaera 
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leucotricha). Viral diseases can generally be sufficiently controlled through the use 
of certified virus-free plant material. Economic losses due to these and other pests 
and diseases include loss of produce, reduced fruit quality, loss of trees or even 
orchards, disruption of orchard production, management costs, and costs related to 
stringent quarantine and international trade regulations. In addition, preventive and 
curative treatments through chemical fungal sprays or antibiotic sprays raise impor- 
tant environmental, biosafety and health concerns [111-114]. Disease and pest 
resistance is therefore an important breeding objective in pome fruit species. 

A first approach to improve disease resistance is through the introgression of 
resistance genes into elite cultivars. There are two main types of disease resistance, 
namely quantitative and qualitative resistance. Quantitative resistance is conferred 
by many small-effect genes and results in partial resistance to multiple pathogen 
strains making it highly durable [111]. On the other hand, qualitative resistance is 
usually based on a gene-for-gene interaction between the pathogen avirulence (Avr) 
gene and the plant resistance (R) gene and often leads to a hypersensitive response 
against the pathogen. This form of single major gene disease resistance is easier to 
obtain for breeders, but can also be more easily broken by newly evolving virulent 
pathogen strains [111, 115]. It is therefore preferred to stack disease resistance 
genes or to combine qualitative and quantitative resistance [111, 114]. Resistance 
genes have been identified for several important pear and apple diseases. For fire 
blight, the only functionally characterized resistance gene is FB_MR5, however 
resistance conferred by this gene has regrettably already been overcome [116, 117]. 
Several other putative candidate resistance genes include FB_Mful0, NBS-LRR 
genes of ornamental cultivar Evereste, and several genes with disease-related 
domains in the FB_Mar12 region [117—119]. For apple scab resistance, around 20 
R genes are known, but not all confer equally durable resistance. Through world- 
wide monitoring of Rvi breakdown, the genes Rvi5, Rvill, Rvil2, Rvil4 and Rvil5 
were identified as rarely overcome, possibly because of an associated fitness cost to 
the pathogen [120]. In pear, identified resistance genes for Venturia nashicola 
include RVnk [121], Rvn2 [122] and Rvn3 [123]. For V. pirina, Rvp] was identified 
[124]. Powdery mildew is mainly studied in apple where several resistance genes 
are known: PI, P12, Plw, Pld [125]. However, current advanced breeding material 
generally lacks major resistance genes and therefore, wild Malus and Pyrus species 
remain the most important source of disease resistance alleles. This hampers appli- 
cation of conventional breeding because of problems with the long life cycle of 
pome fruit species and linkage drag [111], especially when pyramiding multiple 
resistance genes. This process can be sped up through transgenic approaches. There 
are several examples of genetic transformation to bring resistance genes into apple 
and pear [126-128]. However, this approach is more difficult to apply using gene- 
editing techniques which are more suited for knock-out of negative regulators of 
resistance. 

Alternatively, disease resistance in plants may be achieved through the silencing 
or knock-out of susceptibility (S) genes. Several studies have successfully obtained 
resistance cultivars through genetic transformation with S genes as target. For 
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example silencing of the HIPM gene (HrpN-interacting protein from Malus) through 
RNA interference resulted in increased fire blight resistance in apple cv. “Galaxy” 
[129]. Knockout of susceptibility genes is well suited for genome editing applica- 
tions and has already been applied in apple cultivars “Gala” and “Golden Delicious” 
to significantly reduce bacterial fire blight symptoms through inactivation of 
MdDIPM4 which interacts with pathogen effector protein DspA/E [37, 130]. 
Similarly, another study targeted DIPM1, DIPM2 and DIPM4 in “Golden Delicious” 
to increase resistance to fire blight [49]. Susceptibility genes don’t always have to 
encode proteins that directly interact with plant effectors, but may also be more 
broadly involved in plant immunity. For example, targeted silencing of a frequently 
used susceptibility gene MdMLO increased powdery mildew resistance in “Gala” 
[131]. MLO is a transmembrane protein located in the plasma membrane and is 
presumed to be involved in plant defense and immunity responses [132]. 

Plant susceptibility genes may also be found for insect pests. For example, such 
genes may be involved in the induction of defense signaling pathways, food acces- 
sibility and food quality [133]. For example, in A. thaliana, the transcription factor 
WRKY22 is involved in pathogen-triggered immunity and knock-out mutants were 
more difficult to colonize by aphid populations [134]. However, knowledge of 
S-genes against insect pests is limited and to our knowledge there have been no 
applications in pome fruit species to date. 

Finally, another alternative approach is to target pathogen or microbial genomes 
using CRISPR/Cas9 technologies as compared to focusing solely on the host. For 
example, the gene drive system, which was shown to be successful in mosquito 
[135] may be adapted and applied in sexually inheriting plant pathogens [136]. 
Original gene drive systems are based on homing endonuclease genes (HEGs) 
which encode proteins that cleave a recognition site of around 20-30 nucleotides on 
the genome. The HEG itself is inserted in the middle of its own recognition site 
thereby protecting itself from further cleavage. When the HEG comes in contact 
with the target site on the wild-type homologous chromosome it will induce a DNA 
DSB. The DSB is repaired using the homologous chromosome as a template and the 
HEG allele is copied into the broken chromosome. As a result, these HEGs can 
spread rapidly through populations [137]. The gene drive system can be made more 
accurate and flexible using CRISPR-based adaptations [138] and there are many 
agricultural applications, including the sensitization of a population to pesticides 
(local sensitizing gene drive), manipulating plant pathogen-vector relationships, 
and knock-out of virulence genes [139]. The latter has already been shown success- 
ful under in vitro conditions for the wheat pathogen Fusarium graminearum [140]. 
Similarly, the CRISPR/Cas9 gene drive approach may also be applied to enhance 
performance of biocontrol agents or beneficial organisms which can heighten plant 
immunity [136]. However, this system is subject to major concerns regarding bio- 
safety and bioethics and should not be applied without extensive risk assess- 
ment [141]. 
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3.3.2 Abiotic Stress Tolerance 


As sessile organisms, plants continuously endure a whole range of environmental 
stressors including drought, waterlogging, extreme temperatures, soil salinity, wind, 
and hail, which can severely affect growth and production. Improved abiotic stress 
tolerance allows fruit trees to be grown in suboptimal environments which is espe- 
cially relevant in light of climate change and the associated occurrence of more 
extreme weather events worldwide. Important breeding objectives include tolerance 
to drought, cold, and soil salinity. 

Drought tolerance in apple and pear trees is often tackled through root stock 
breeding in an attempt to achieve enhanced uptake of water through a better- 
developed root system. A recent study describes the knock-out of GRETCHEN 
HAGEN3.6 (MdGH3.6), an indole-3-acetic acid conjugating enzyme, in apple root- 
stocks through RNAi to increase tolerance to prolonged drought periods without 
impacting fruit quality. Knocking out this gene increased IAA content, adventitious 
root number and root length [142, 143]. Other potential drought tolerance related 
targets for CRISPR genome editing that were successful in other species include 
genes involved in stomatal density (VVEPFL9-1) [144], stomatal response (AtOST2) 
[145, 146], genes involved in ABA signaling (AtAREB1, SIMAPK3, OsSAPK2), 
and leaf rolling (OsSRL1 and OsSRL2) [145]. 

Although adult pome fruit trees are generally quite cold-hardy, severe production 
losses can still occur due to frost damage to flower buds, flowers, young shoots and 
fruits. Cold hardiness can differ between cultivars [147], but little is known about 
the genetic and biochemical basis. Several genes for general cold-hardiness have 
been identified in apple. Putative positive regulators of cold hardiness in apple 
include MdHYLI, Mdm-miR172 [148], and CBF genes (C-repeat binding factors) 
like MdCBF 1-5 [149]. Knock-out of negative regulators, such as Mdm-miR156, can 
cause increased cold-hardiness, which is more interesting for genome editing appli- 
cation [148]. Many of the genes and pathways involved in cold-tolerance are also 
involved in other (a)biotic stress responses. For example, the previously mentioned 
CBF genes are considered hub genes that are involved in drought, salinity and cold 
responses [149, 150]. Targeting these genes may result in simultaneously increased 
tolerance to other abiotic stress factors, however caution must be taken to avoid 
undesired side effects. 

Heat stress in pome fruits can lead to sunburn of leaves and fruits, scorching of 
leaves and in extreme cases early fruit drop and even leaf drop [151, 152]. Damage 
can be especially severe in combination with drought. In high temperature condi- 
tions, damage may occur in plant cells due to protein misfolding and denaturation, 
damage to membranes and accumulation of ROS species [153]. Gene targets to 
enhance heat tolerance in pome fruits are likely to be found in plant antioxidant 
defense systems or osmotic adjustment pathways [154]. Heat stressed plants will 
also generally synthesize a variety of heat-shock proteins (HSP). Such HSPs are 
also found in apple and have been identified as important regulators of temperature 
stress responses. Members of the HSP20 gene family appear to be especially 
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important and are highly upregulated in response to heat stress [151]. Another heat- 
stress related gene is MdPRP6 which was shown to enhance heat stress tolerance 
when overexpressed in transgenic tobacco plants [153]. Possible genome editing 
targets are negative regulators of these heat shock related genes. 

Finally, soil salinity is detrimental to plants due to osmotic stress and salt toxicity 
[155]. It mainly occurs due to irresponsible irrigation and fertilizer application. The 
plant may try to overcome salt stress by inducing osmoregulating and antioxidant 
systems [156]. In apple, MdINTI has been shown to confer salinity tolerance by 
regulating antioxidant systems, and homeostasis of ions and osmosis [156]. Several 
other genes involved in response to salt stress have been identified in other plants, 
but relatively little knowledge is available in apple and pear. For example, knockout 
of AITR (ABA induced transcription repressors) gene family members in A. thali- 
ana increased drought and salinity resistance [157]. Also in A. thaliana, a nucleopo- 
rin gene NUPS5 seems to modulate the response to salt stress [158]. Improved salt 
tolerance was also achieved in rice by CRISPR/Cas9-targeted mutagenesis of the 
OsRR22 gene involved in cytokinin transduction and metabolism [159], and in 
tomato through down regulation of Auxin Response factor 4 (ARF4) [160]. 
Homologous gene targets may be explored in pome fruit species. 


3.3.3 Tree Architecture 


Tree architecture is influenced by four main factors: primary growth, branching pat- 
terns, flowering location and meristem and shoot mortality [161]. In commercial 
pome fruit production, tree architecture can influence important factors such as fruit 
quality, yield and orchard management requirements including planting density, 
pesticide application efficiency, harvesting efficiency, and requirements for thin- 
ning, pruning, branch-bending and tying [161]. The ideal tree form would allow 
high density plantings and maximum automatization [162]. The main breeding 
goals regarding tree architecture in pear and apple are dwarfing (mainly achieved 
through dwarfing root stocks) and optimal branch orientation [163]. Causative 
genes have been identified for the dwarfing trait, branch orientation and the colum- 
nar growth habit in apple [162]. 

Dwarfing root stocks limit tree size, enable high density plantings, increase 
flower density and allow more efficient mechanization [164]. Mainly genes associ- 
ated with growth-related plant hormones are linked to the dwarfism trait and may be 
identified as putative targets of gene editing. For example, in peach, a nonsense 
mutation in the GA receptor G/D/c was found to result in dwarfism [165]. In apple, 
overexpression of the transcription factors WRKY9 and NAC1, which are negatively 
involved in the brassinosteroid biosynthesis pathway, was shown to result in dwarf- 
ing [162, 164, 166]. 

Several gene families are associated with branch orientation, namely WEEP, and 
IGT family genes TAC/ and LAZY] [167-169]. Tiller Angle Controll (TAC1) pro- 
motes lateral shoots to grow outward and reduced or eliminated expression of this 
gene causes more upright growth habits [162]. In contrast, LAZY1 promotes 
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upward shoot orientation. Plants with reduced or no LAZY/ expression show wide 
shoot angles [170, 171]. A weeping growth habit was found in birch and plum with 
a defect or silenced LAZY/ gene [162, 172]. In theory, a desired branching pheno- 
type may be obtained in trees by balancing the effects of targeted editing of one or 
several of these genes. 

One of the most ideal branching habits in apple is the columnar type. These trees 
grow upwards as a column with very short branches and an increased number of 
spurs [162]. They are ideally suited for high density plantings and automatization, 
although they are generally very susceptible to biennial bearing and produce lower 
quality fruits [173-175]. Columnar growth habits have been achieved in apple 
through mutation of the MdCoL gene, which encodes a putative 10G-FEII oxygen- 
ase [161, 176], and overexpression of LEAFY [177]. 


3.4 Pollination and Fertilization 
3.4.1 Self-Incompatibility 


Generally, fruit set in pome fruit species is dependent on cross-pollination between 
two cross-compatible cultivars due to the S-RNase dependent gametophytic self- 
incompatibility system (GSI) which prevents self-fertilization [178—180]. This sys- 
tem is genetically controlled by the S-locus which carries a pistil-expressed S-RNase 
gene and multiple pollen-expressed SFBBs (S-locus F-box brothers) [178, 181- 
183]. According to the currently accepted non-self-recognition mechanism, SFBB 
proteins expressed by the pollen haplotype recognize non-self S-RNases in the 
style, but not self-S-RNases, and mediate their degradation through the ubiquitin-26S 
proteasome [184, 185]. Problems with this innate self-incompatibility arise when 
cross-pollination is hampered. To ensure sufficient cross-pollination and thus eco- 
nomically viable yields, several conditions must apply including (1) adequate pres- 
ence of a diverse pollinating insect population, (2) presence of well-distributed trees 
of a cross-compatible pollen donor cultivar with overlapping flowering period in the 
orchard, and (3) optimal weather conditions during flowering. However, these con- 
ditions cannot always be met and even then, fruit set after self-pollination is expected 
to be more stable compared to cross-pollination [186]. Therefore, self-compatibility 
(SC) has become an important breeding objective [5]. 

Spontaneous self-compatible (SC) mutant apple and pear varieties are rare and 
hardly ever suitable for commercial fruit production. One exception is “Osanijisseiki” 
which is a natural SC mutant of the Pyrus pyrifolia cultivar “Nijisseiki’. 
“Osanijisseiki” was released as cultivar in 1979 and has been used as a parent to 
breed new SC cultivars using conventional breeding strategies [5]. Spontaneous SC 
mutants in pome fruit species are either the result of pistil-function breakdown, 
essentially meaning knock-out of the S-RNase gene [181, 187, 188] or alternatively 
of competitive interaction due to polyploidy or segmental duplications in the S-locus 
[189, 190]. The latter approach is less suited as genome-editing application, 
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however pistil-function breakdown of self-incompatibility has already been suc- 
cessfully applied in apple to create a transgenic SC Elstar mutant using a co-sup- 
pression approach resulting in S-RNase gene silencing [186]. Knock-out of the 
S-RNase gene could be performed relatively easily using genome-editing approaches 
to Introduce the self-fertility trait into established commercial cultivars. 


3.4.2 Parthenocarpy 


Parthenocarpy refers to natural or artificially induced fruit development without 
fertilization of the ovule [191]. In commercial pome fruit production, this is a very 
interesting trait because it can alleviate problems with pollination, self- 
incompatibility, biennial bearing and spring frost. In addition, parthenocarpic fruits 
are seedless and often have more edible pulp and less core which is often preferred 
by consumers and can be an advantage for industrial food processing applications 
[192, 193]. Parthenocarpy is mainly genetically determined and can vary between 
species and cultivars. In pear, natural parthenocarpy is more common in Pyrus com- 
munis cultivars compared to the Asian pear species, such as Pyrus pyrifolia [194]. 
Pyrus communis parthenocarpic cultivars include “Conference” [195] and “Bartlett” 
[196]. In apple, some parthenocarpic fruit can develop on “Cox’s Orange Pippin’, 
“Wellington Bloomless” and “Spencer Seedless” [197]. 

Natural parthenocarpic fruit set in pome fruit species is usually relatively low, 
but can be stimulated using plant growth regulators (PGR) during early fruit devel- 
opment to obtain economically viable yields. These PGRs generally impact the 
auxin, cytokinin or gibberellin pathways that are involved in fruit set and develop- 
ment [193, 198, 199]. Correspondingly, parthenocarpic mutations in a variety of 
species are generally found in the synthesis and metabolism pathways of these hor- 
mones [193]. Overexpression of auxin biosynthesis or receptor genes and silencing 
of auxin signal repressor genes or negative regulators of auxin signaling are associ- 
ated with parthenocarpy in tomato (Solanum lycopersicum) and eggplant (Solanum 
melongena) [193, 200-203]. In the gibberellin pathway, overexpression of GA bio- 
synthesis genes, such as gibberellin 20-oxidase genes (GA20o0x), and suppression of 
GA respressor genes like DELLA and GA2ox genes have been shown to lead to 
parthenocarpy in A. thaliana and tomato [204—208]. 

Alternatively, floral homeotic genes are also often associated with partheno- 
carpy. For example, the silencing of genes responsible for stamen identity has been 
associated with parthenocarpy in tomato, possibly because stamens act as negative 
regulators to restrict ovary development before pollination and fertilization have 
occurred [209, 210]. These genes include, amongst others, several class B MADS- 
box genes such as TOMATO APETALAS3 (TAP3), DEFICIENS (s/DEF), TOMATO 
MADS BOX GENE6 (TM6), and TOMATO PISTILLATA (TPD [209, 211-213]. In 
apple, two parthenocarpic cultivars showed similar splicing variants of the AtPI 
homolog which were causally related to their parthenocarpic trait [214, 215]. In 
pear, several transcriptomic studies on induced parthenocarpic fruit development in 
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pear showed possible involvement of homologs of many of the above listed tomato 
genes. For example, key GA-associated genes related to parthenocarpy in pear 
include GA20o0x, GA3ox, GA2ox, GA receptor GID/, and DELLA [216, 217], as 
well as MADS-box class B gene DEF. However, the genetic basis for parthenocar- 
pic fruit set is still largely unclear in woody fruit tree species and mutations in many 
of the mentioned genes cause undesired pleiotropic effects. In addition, pathways 
leading to parthenocarpy in pome fruits may be different compared to A. thaliana 
which produces siliques or tomato which produces botanical fruits compared to 
accessory fruits. Therefore necessary caution must be taken when choosing possible 
gene targets for parthenocarpy in pome fruit trees based on studies in these model 
species. 


3.5 Tree Phenology 


As perennial species, pome fruit trees require immaculate regulation of their phe- 
nology to survive and reproduce in temperate climates with seasonally changing 
climatic conditions. In order to anticipate these seasonal changes, temperate tree 
species take climatic cues to regulate important transitions in their life-cycle, includ- 
ing dormancy, bud burst, flowering, fruit development, and leaf-drop. Phenology 
characteristics greatly determine the success of a cultivar in a given location due to 
their impact on the tree life-cycle, including many reproductive traits that are essen- 
tial for fruit production. As a result, considerable effort has been devoted to eluci- 
date the molecular mechanisms that underly important phenological transitions. In 
the following paragraphs three aspects of tree phenology are briefly discussed which 
have major relevance to pome fruit production: juvenility, dormancy and biennial 
bearing. We also discuss potential applications of gene editing techniques based on 
current knowledge. 


3.5.1 Juvenility 


Juvenility in most pome fruit species can take 5—6 years which significantly extends 
the breeding cycle and delays research on reproductive biology [218]. Therefore, a 
shortened juvenile period is of great interest to breeders and researchers, and several 
attempts have been made to obtain early flowering apple and pear mutants with the 
goal of accelerating conventional pome fruit breeding and research. For example, 
apple and European pear TFL/-/ mutants showing an early flowering phenotype 
were successfully obtained using CRISPR-Cas9 technology [38]. These mutants 
flower continuously in vitro, do not require cold accumulation to induce flowering 
and completely by-pass the juvenile period. However, the benefits of cultivars with 
a short juvenile period are limited in the context of fruit production, since mature 
tissue can be clonally propagated onto rootstocks once juvenility is broken. 
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3.5.2 Dormancy 


To survive the harsh winter conditions, temperate fruit trees go through both endo- 
and ecodormancy. Dormancy can be defined as the “temporary suspension of visi- 
ble growth of any plant structure containing a meristem” [219]. In pome fruits, both 
mixed and vegetative buds are formed during the flowering period [220]. In autumn, 
low temperatures and short day conditions induce a state of endodormancy in these 
buds which can only be broken by the fulfillment of the cultivar-dependent chilling 
requirement [221]. Once this chilling requirement is reached, buds transition into a 
state of ecodormancy. Ecodormancy is broken by higher temperatures, initiating 
bud break. This two-factor regulatory system prevents early bud break on a warm 
day in late autumn or during cold days in early spring [222]. Ideally, this break of 
two dormancy states initiates uniform flowering, which is advantageous to both the 
plant and the grower. Dormancy cycles can be disturbed when pome fruit trees can- 
not reach the required amount of chilling after a mild winter. This can lead to abnor- 
mal bud break, resulting in extended flowering periods, delayed leaf formation and 
asynchronous fruit development [223]. Currently, problems associated with abnor- 
mal bud break are mainly observed in orchards grown in subtropical climates, but 
may also start to occur in more temperate regions as a consequence of climate 
change. Several chemical treatments can be used to break dormancy in pome fruits 
including Dormex, potassium nitrate, and mineral oil [224]. However, these prod- 
ucts are associated with environmental and health concerns and pose significant 
costs to growers. Therefore, the development of commercial apple and pear culti- 
vars with low chilling requirements would be beneficial. 

Several key hormones and some regulatory genes involved in the maintenance 
and release of endodormancy have been identified [222]. In pear, abscisic acid 
(ABA) levels increase during endodormancy induction and remain high during 
endodormancy. During cold accumulation, transcription of PpCYP707A-3, which 
encodes an ABA 8-hydrolase enzyme, sharply increases. Simultaneously, ABA lev- 
els in the buds decrease initiating transition from endodormancy to ecodormancy in 
pear [225]. The onset of this transition is believed to result from the release of inhi- 
bition on GA biosynthesis, regulated by PpGAST1/. Transcription of PpGASTI is 
inhibited by ABA and decreasing ABA levels during dormancy transition allow 
PpGAST] levels to rise. Increased PpGAST]/ transcription levels were accompanied 
by increased transcription of PpGA200X2, a GA biosynthesis gene. Additionally, 
high ABA levels also indirectly induce the GA catabolism gene PpGA2OX1/, result- 
ing in decreasing GA levels [226]. Another important gene group associated with 
dormancy regulation is the dormancy-associated MADS-box (DAM) gene family. 
Their expression is tightly regulated by ABA through several transcription factors 
including ABA response element (ABRE)-binding transcription factor 1 (AREB1), 
which represses PpDAMI transcription in pear. PpDAM genes promote ABA bio- 
synthesis by upregulating the expression of PpNCED3, an ABA biosynthesis gene 
[227]. In transgenic pear calli, DAM3 was found to also inhibit cell division and cell 
growth, supporting their role in pear bud dormancy. Interestingly, two Asian pear 
cultivars (P. pyrifolia) “Suli”? and “Cuiguan” with respectively a high and a low 


19 Targeted Gene Editing in Pome Fruit Genetics and Breeding: State-of-the-Art... 331 


chilling requirement, showed different expression patterns of PpDAM3 during 
endodormancy [228]. Additionally, epigenetic regulation is also found to be involved 
in bud dormancy. In peach (Prunus persica) and sweet cherry (Prunus avium), DAM 
genes were found to be under epigenetic regulation by histone modifications and/or 
DNA methylations during the dormancy process [222]. In apple and pear, bud break 
was associated with a decrease in DNA methylation under ideal high chill condi- 
tions [229, 230]. However, the precise mechanisms underlying epigenetic regula- 
tion of dormancy in pome fruits remain unknown. 

As negative regulators of dormancy release, DAM genes appear to be good can- 
didates for targeted gene editing. DAM gene expression may be altered through 
CRISPR transcriptional repression to adapt the cold requirement of various pome 
fruit cultivars. Alternatively, CRISPR-Cas9 may be used for targeted mutagenesis 
of the DAM genes. To our knowledge, no previous work has targeted DAM genes in 
perennial fruit trees to alter dormancy. However, there is a known, natural DAM 
evergrowing (evg) peach mutant which is the result of a genomic deletion of four 
DAM genes and which does not enter dormancy when exposed to low temperatures 
or shortening days [231]. More research is needed to determine the effects of tar- 
geted DAM mutagenesis on dormancy in pome fruits and its applicability in com- 
mercial fruit production. Also, alternative targets need to be identified to more 
precisely fine tune chilling requirements. 

It is predicted that winter warming and resulting disturbed dormancy will be an 
issue for temperate fruit production in increasingly larger areas of the world [232]. 
For example, due to rising winter temperatures in Japan, flowering disorders occur 
more frequently in P. pyrifolia “Hosur” trees which as a result show erratic flower- 
ing, asynchronous bud-break and bud loss due to inadequate chilling during the 
dormancy phase [223]. However, increased temperatures are not always negative 
for pome fruit production. For example, European pear (P. communis) production of 
the cultivar “Conference” in Belgium is predicted to be at a lower risk of frost 
damage-related production losses because of the decreased occurrence of frost days 
during the flowering period [233]. These two examples show that the consequences 
of climate change on pome fruit phenology trees are complex and region- and 
cultivar-specific. In given examples, a decreased chilling requirement may improve 
uniform bud break in “Hosui” pears grown in Japan, but could expose “Conference” 
pears grown in Belgium to frost damage due to early flowering. So, when adapting 
pome fruit tree phenology by breeding or gene editing, it is recommended to obtain 
an accurate view of the specific challenges present in the crop and region of interest. 


3.5.3 Biennial Bearing 


Biennial bearing (BB) occurs when a fruit tree has an alternating pattern of low and 
high fruit production over consecutive years. This is caused by the inhibition of flower 
induction (FI) in the meristems by growing fruits, since FI occurs simultaneously with 
fruit development during 4-8 weeks after full bloom [234]. In pome fruit trees, each 
individual spur is biannual and can only fruit every other year, commonly named 
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‘ON’ and ‘OFF’ years. During ‘ON’ years there is abundant flowering and potentially 
a heavy fruit set, followed by an ‘OFF’-year with mostly vegetative growth and thus 
less potential for fruit set. Ideally, a fruit tree will have a balanced proportion of ‘OFF’ 
spurs and ‘ON’ spurs each year, resulting in a predictable and constant fruit produc- 
tion. If a certain event triggers low fruit set or causes early loss of fruitlets, all spurs 
on a tree will be synchronized to an ‘OFF’ status and, consequently, an ‘ON’ status 
next year. This starts a cycle of BB which causes variability in yield and fruit size over 
the years and is therefore undesired by the grower. A frequently applied measure to 
avoid the continuation of the BB cycle is early crop thinning in ‘ON’ years by remov- 
ing flowers or young fruitlets. This can be done chemically by using compounds that 
damage flower organs and so inhibit fruit set or by mechanically removing the young 
fruitlets [235, 236]. During ‘OFF’ years gibberellic acids such as GA, can be applied 
to the trees after bloom to repress excess FI [237]. In addition to crop thinning, opti- 
mal pruning of the fruit trees will maintain young spurs which are less susceptible to 
BB than older spurs [235]. But despite these precautions and good management, there 
are still differences in susceptibility of different pome fruit cultivars to BB, especially 
in apple. This implies that there is a genetic basis determining susceptibility or resis- 
tance to BB in certain cultivars [238]. 

BB was long thought to be the result of hormonal signaling from the developing 
fruits to nearby developing buds. In 1998, diffusible auxins were shown to be present 
in the seeds of developing fruits during the period of FI, and the levels of these auxins 
in fruits increased with an increased number of seeds [239]. A recent study compared 
the apple cultivars “Gala” (a regular bearer) and “Fuji” (a biennial bearer) and found 
that “Fuji” had a higher average seed number per fruit compared to “Gala” [240]. 
The “Fuji” fruits did not only have a higher number of seeds per fruit, each seed also 
had higher levels of cytokinins and auxins than seeds from “Gala” fruits. On the 
contrary, “Gala” seeds had increased levels of GA; and GA; compared to “Fuji”. 
These plant hormones were also found to be exported by diffusion through the stem 
of the apple fruit in both cultivars. These differences in hormone production in seeds 
could explain the susceptibility of “Fuji” to BB, since some GAs repress FI in apple 
trees trough currently unknown mechanisms [241]. Several QTL’s were identified 
for biennial bearing in apple, some included flowering genes like BFTa, SOC1-like 
and COL, others included hormonal factors such as genes involved in GA biosyn- 
thesis GIBBERELLIN 2-OXIDASE (GA2ox), GIBBERELLIN 20-OXIDASE (GA200x) 
and GA3ox-like-b and auxin related genes such as AFB6 [242]. 

A study in “Gala” apple trees identified many differentially expressed genes 
(DEGs) between ‘ON’ and ‘OFF’ buds in trees by artificially inducing biennial 
bearing through manual flower removal during bloom. The authors found many 
DEGs among the flowering genes, including flowering repressor genes such as 
TEMPRANILLO] (TEM 1) and MAF 2 (MADS AFFECTING FLOWERING 2). Also 
flowering promoting transcription factors, SQUAMOSA PROMOTER BINDING- 
LIKE 5 (SPL5) and SPL9 and FLORAL TRANSITION AT MERISTEM (FTM1) were 
upregulated in ‘OFF’ trees, simultaneously with APELLATAI (APJ) genes. 
Additionally, secondary metabolism genes were downregulated in the shoot apical 
meristem (SAM) of ‘ON’ trees, possibly due to the developing fruits causing 
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carbohydrate depletion in the SAM. This downregulation of secondary metabolism 
genes is an indication of reduced cell division in the apical tissues and is supported 
by the observed up-regulation of KNOTTED-LIKE FROM ARABIDOPSIS 
THALIANA (KNATI) and NO APICAL MERISTEM (NAM) genes during ‘ON’ 
years. KNATI and NAM are both genes which prevent meristematic tissue differen- 
tiation and thus maintain the SAM, preventing FI and differentiation of floral tissues 
under low-carbon conditions. Also axillary meristem (AM) regulating genes were 
upregulated in ‘ON’ buds, such as MORE AXILLARY BRANCHES 1 (MAXI) and 
BRANCHED! (BRC1), inhibiting AM formation and axillary bud outgrowth, 
respectively [243, 244]. This reduction in AM formation and axillary bud outgrowth 
results in reduced vegetative growth during ‘ON’ years with heavy fruit bearing. 
The study also found DEGs related to auxin, abscisic acid, brassinosteroid and eth- 
ylene. The Gibberellic Acid (GA) biosynthesis genes GA2ox and GA20ox were 
shown to be upregulated in ‘ON’ years, confirming the previously mentioned stud- 
ies that showed these genes as QTLs for BB [242, 244]. This is not surprising, since 
GA treatments during ‘OFF’ years are used in horticulture to inhibit FI [245]. 

Also epigenetic modifications are involved in regulation of BB, as it was shown 
that differentially methylated regions (DMRs) are present between ‘ON’ and ‘OFF’ 
trees in buds of the apple cultivar “Fuji” [246]. Many flowering genes showed to be 
differentially methylated such as MADS-box, COL, B-box, NFY and SPL. Also 
genes involved in hormonal signaling such as gibberellin, auxin and jasmonic acid 
showed to be DMRs, again highlighting the importance of hormonal regulation of 
FI in BB in apple. 

Differences in gene expression in developing buds during ‘ON’ and ‘OFF’ years 
are very valuable in understanding FI and the genes involved, but it does not provide 
evidence to identify the genetic factors responsible for susceptibility of a cultivar to 
BB. Since the exact molecular mechanisms of BB are not yet well characterized, it 
is difficult to put forward a good candidate gene for CRISPR gene editing. Since all 
genes that were identified so far in BB are involved in crucial plant functions as 
flowering and hormonal signaling, the generation of knock-out (KO) mutants may 
not be a suitable approach due to the possible occurrence of undesirable side effects 
in tree phenology and/or flower morphology [247]. A better understanding of the 
genetic control of BB is needed to apply innovative gene editing techniques such as 
CRISPR base editing. Since there are observations that GA and auxin production in 
the seeds play a role in BB, CRISPR transcriptional activation could be used to 
mimic expression patterns of hormone biosynthesis genes of resistant cultivars in 
susceptible cultivars. 


4 Concluding Remarks 


Apple and pear are among the most cultivated temperate fruit crops, but the threats 
to their production remain significant. Many of the currently grown cultivars still 
suffer from high susceptibility to pests, diseases and abiotic stress, low fruit quality, 
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biennial bearing, suboptimal yields and other problems. Effective breeding strate- 
gies are necessary to tackle these problems. However, current breeding approaches 
are too time-consuming and expensive to profitably develop improved cultivars and 
to meet the rapidly evolving breeding requirements, especially in light of impending 
climate change. In addition, apple and pear production are traditionally dominated 
by just a handful of cultivars with a high market recognition, such as “Gala”, 
“Golden Delicious” and “Fuji” for apple, and “Conference”, “Bartlett” and 
“Doyenné du Comice” for pear. It has proven difficult to introduce new cultivars in 
the market, therefore, enhancing important traits in established cultivars is a very 
effective strategy, albeit extremely difficult using conventional breeding techniques. 
There is therefore a great need for faster and more accurate breeding approaches. 
The recent advancement of gene-editing techniques such as CRISPR/Cas related 
technologies can help address these issues. Although successful gene-editing appli- 
cations in pome fruit are still limited compared to many model crops, several proof- 
of-concept studies in apple, pear and some other perennial tree species have shown 
that gene-editing is feasible in pome fruits and that there are numerous potential 
breeding applications. This chapter discussed the current state-of-the-art, challenges 
and opportunities regarding gene-editing in pome fruit, as well as potential gene- 
targets for new applications in light of important breeding objectives. Several tech- 
nical challenges remain to be solved in order to successfully apply gene-editing in 
pome fruit breeding including the high recalcitrant nature of pome fruit plantlets to 
in vitro propagation and regeneration, the low transformation efficiencies, and the 
complex removal of transgenes by crossing due to the long life cycle and high het- 
erozygosity of pome fruit tree species. Improvements to the original gene-editing 
approaches that are tailored to the specific problems in pome fruit and other peren- 
nial tree species will help improve the application potential in pome fruit breeding. 
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Chapter 20 A 
Genome Editing in Forest Trees pares 


Tobias Bruegmann, Alexander Fendel, Virginia Zahn, and Matthias Fladung 


Abstract Since the first CRISPR/Cas-mediated genome editing of poplar in 2015, 
an increasing number of tree species are being genome-edited. Although the avail- 
ability of genome sequences, tissue culture and transformation systems are limiting 
factors, research is ongoing on advanced methods such as DNA-free genome edit- 
ing and gene targeting approaches in addition to the optimisation of single gene 
knockouts. These can be used to address ambitious issues and perform genome 
editing more accurately, which has implications for the legal assessment of edited 
trees. Once technically established, CRISPR/Cas can be used to circumvent specific 
challenges related to forest tree species, e.g., longevity and extended vegetative 
phases, and to modify traits relevant for breeding, whether for direct application or 
to elucidate the genetic basis of individual traits. Not least due to climate change, 
adaptation to abiotic stress such as drought stress as well as biotic stresses caused 
by pathogens are strongly in focus. For the use as a renewable resource and as a 
carbon sink, wood productivity in forest trees as well as wood properties are of 
interest. In biosafety assessments, tree-specific aspects have to be considered, which 
result, among other aspects, from the long lifespan. 


1 Prerequisites to Use Genome Editing in Trees 


After CRISPR/Cas was first used for genome editing in plants as published in 2013 
[1, 2], the first genome editing of a tree species was published only a short time later. 
Fan et al. [3] described the knockout of the visual marker gene PDS (encoding for 
phytoene desaturase) in Populus x tomentosa, resulting in albino phenotypes. For 
this, a Cas9 expression vector including matching guide-RNAs (gRNAs) was used 
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for stable Agrobacterium-mediated transformation of in vitro poplars. Even though 
innovative methods are being developed, in practice mostly functioning tissue cul- 
ture systems remain an essential basis for successful editing in trees. This involves 
three steps with respective hurdles: (1) establishment of an in vitro culture system 
that is able to regenerate plant shoots, (2) establishment of a protocol for the transfer 
of the Cas/gRNA into living cells, i.e., by classical genetic transformation, and (3) 
establishment of a protocol for genome editing. 

Many tree species are considered in vitro-recalcitrant. It is difficult to transfer 
them to the in vitro culture and, once this initial step is accomplished, to regenerate 
them in large quantities and within manageable time frames for biotechnological 
purposes. The term recalcitrance summarizes many problems, some of them are still 
unidentified because the physiological basis of recalcitrance is not fully understood 
to date [4]. A fundamental difficulty is the need for clean (often generalised as “ster- 
ile”) cultivars, i.e., without overwhelming bacterial or fungal contamination. In a 
few tree species, the transfer from sterilised vegetative organs such as leaves into in 
vitro culture has worked, e.g., for poplars. Sterilised embryos or somatic meristems 
from shoots are more suitable for many tree species [4]. For this purpose, younger 
starting material seems to be more suitable than older trees if plant material is to be 
used for organogenesis by the cultivation of meristems (unpublished data, [5]). If 
organogenesis cannot be induced directly, somatic embryogenesis is often used for 
plant regeneration. Here, the development of complete embryos with radicle, shoot, 
and cotyledons is induced from somatic cells, e.g., callus. These somatic embryos 
are similar to zygotic embryos. They can be easily separated from the mother tissue, 
have all the necessary structures for regeneration into a whole plant [6]. 

The ability to regenerate single cells into complete plants is necessary for genetic 
transformation and the generation of genetically uniform regenerates. For many tree 
species, regeneration media with tuned hormone contents can be used to induce the 
totipotency of somatic cells and stimulate regenerating callus for organogenesis. 
Cytokinins, such as 6-Benzylaminopurine (BAP), and/or auxins, such as Indole-3- 
butyric acid (IBA), Indole-3-acetic acid (IAA) and 2,4-Dichlorophenoxyacetic acid 
(2,4-D), are usually used for this purpose. Their concentrations should be optimised 
for each species [7]. The use of protoplasts with appropriate regeneration medium 
is also suitable. At this point, brief attention should be drawn to somaclonal varia- 
tion that can be induced by in vitro techniques [8]. Even though these mutations 
usually have no effect on the transformability or editability of the plants, it should 
be considered that, in practice, some genetic variability is unavoidable. 

If an in vitro culture system is achievable, the basis for genetic transformation is 
given. However, establishing the transformation method is far from easy, as existing 
transformation protocols can only be utilised in tree species to a limited extent. If 
modifications are needed, an establishment process follows which, if at all, can lead 
to success over a certain amount of time. Three conventional methods of genetic 
transformation are commonly used, with ascending relevance for tree species: bal- 
listic transformation by particle gun, polyethylene glycol (PEG)-mediated transfor- 
mation of protoplasts, and Agrobacterium-mediated transformation. The use of a 
particle gun requires good mechanical tuning to determine the bombardment 
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parameters that produce many transformations and little damaged plant material 
[9]. In addition, special equipment is required, especially the particle gun itself. 
Provided protoplasts can be generated, PEG-mediated uptake of plasmid DNA 
works reliably. To give some examples, PEG-mediated transformation of proto- 
plasts, partly combined with electroporation, works in Eucalyptus species [10, 11], 
a poplar hybrid (Populus tremula x Populus alba [12]) and rubber tree (Hevea 
brasiliensis [13]). The challenge of this method is the isolation of vital protoplasts 
and their regeneration via callus stages into whole plants. For Agrobacterium- 
mediated transformation, bacteria with a natural competence to transfer genetic 
material are used. Although the term Agrobacterium-mediated transformation con- 
tinues to endure in the research community, the associated bacterial species have 
been renamed Rhizobium radiobacter (formerly known as Agrobacterium tumefa- 
ciens) and Rhizobium rhizogenes (formerly known as Agrobacterium rhizogenes). 
This commonly used method works for many tree species including conifers such 
as Abies koreana [14], Larix decidua [15], Picea abies [16], Picea glauca and Picea 
mariana [17], Pinus radiata [18], Pinus taeda [16], Pseudotsuga menziesii [19], 
and broadleaf trees such as Ailanthus altissima [20], Castanea dentata [21], 
Castanea sativa [22], Eucalyptus globulus [23], Fraxinus americana [24], Fraxinus 
excelsior [25], Ginkgo biloba [26], Poplar and aspen hybrids (Populus spp.) [27— 
29], Quercus robur [30], Quercus suber [31], Robinia pseudoacacia [32], and 
Ulmus americana [33]. 

After the establishment of the transformation method, the genome editing tech- 
nique needs to be established. For forest trees, only CRISPR/Cas actually plays a 
significant role. The three other genome editing mechanisms using transcription 
activator-like effector nucleases (TALEN), zinc finger nucleases (ZFN) and oligo- 
directed mutagenesis (ODM) are of minor importance in trees. TALEN and ODM 
have not been used to date. In poplars, ZFN was used experimentally before 
CRISPR/Cas technology was made accessible [34]. However, the results indicated 
that further technical improvements would be needed to increase the moderate 
mutation frequency. 

For CRISPR/Cas-mediated genome editing, suitable and efficiently editable tar- 
gets need to be identified based on gene sequencing, following the selection of a 
suitable Cas nuclease. Sequence information of the individual to be edited is 
required for accurate and reliable genome editing. Even though the number of 
genome-sequenced tree species is steadily increasing since the first tree genome of 
the poplar species Populus trichocarpa [35], reference genomes are still quite lim- 
ited to tree species with a manageable genome size. In particular, sequencing the 
complex genomes of some conifers remains a hurdle [36]. The availability of a 
reference genome is a prerequisite for selecting an editing target and verifying the 
presence of the protospacer-adjacent motif (PAM), as well as for identifying loci in 
the genome that might be considered as off-target sites. Avoiding off-target editing 
is one of the determining factors for the reliability of genome editing and its safety 
assessment. Meanwhile, some online tools for predicting potential off-targets have 
emerged for plants such as Cas-OFFinder, available at http://www.rgenome.net/cas- 
offinder/ [37]. Furthermore, it should be remembered that trees are nearly 
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undomesticated plants and therefore have high genetic diversity. Thus, it cannot be 
assumed that the sequence of a target gene is identical in all individuals of a species. 
Although a reference genome can assist genome editing by providing evidence for 
targeting, the target sequence should be verified in the individual being targeted 
before the final design. This challenge is addressed by the concept of the pan- 
genome, but this is still in the distant future for trees [38]. 

Genome editing in forest trees, despite all the challenges described, is a promis- 
ing technology that can bring benefits to plant molecular genetics research in par- 
ticular. CRISPR/Cas and the other editing techniques are excellent for gene 
characterization studies. In these classical knockout approaches, genome editing 
serves as a tool to knock out genes as described by Fan et al. [3], Zhou et al. [39], 
and Bruegmann et al. [40]. With knockout approaches, the function of genes can 
simply be characterised which could subsequently be good starting points for con- 
ventional forest plant breeding. With corresponding genetic markers, individuals 
can be selected from natural populations and used as crossing partners to introgress 
favourable traits. If legal conditions permit, genome-edited trees could be used 
directly, too. The targeted genetic modifications can be regarded as optimised breed- 
ing. Although the breeding goal can be achieved with conventional breeding meth- 
ods based on crossing and selection, genome editing can accelerate genetic 
adaptation because trees take up to several decades to flower and fruit, depending on 
the species. Accelerating the adaptation process offers the possibility of adapting 
trees to rapidly advancing climate change and associated environmental conditions 
in foreseeable time frames. Plants’ natural adaptation mechanisms such as genetic 
adaptation by recombination, mutation, and selection, or migration are likely to be 
too slow for adaptation to the new environmental challenges associated with climate 
change [41, 42]. 


2 Genome-Edited Forest Tree Species 


Forests have significant ecological and economic functions, so their preservation 
and vitality are of great importance. Thus, by any method, breeding forest trees is 
an important human mission. The term “tree” is indistinctly defined. In general, it 
refers to perennial plants that have wood formation and secondary thickening 
growth and - to distinguish them from shrubby woody plants — a single main stem. 
The tree forms a more or less definite crown [43]. Some definitions add the size: The 
stem grows to a height of at least six meters without external disturbance [44]. As 
previously indicated, TALEN and ODM have not been applied in trees to date. A 
ZEN was used experimentally in poplar hybrids (P. tremula x P. alba [referred to as 
Populus x canescens] and P. tremula x P. tremuloides) to mutagenize poplar ortho- 
logs of LEAFY and AGAMOUS. The editing rate in this Agrobacterium-based 
approach was among the lowest of all experiments with plants overall [34]. Due to 
the technical advantages offered by CRISPR/Cas and the boost of these techniques 
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in plant research throughout, from which woody plant research also benefited and 
still benefits, research work focused on this technique. 

The first CRISPR/Cas-edited tree was a Chinese white poplar (P. x tomentosa) in 
which the phytoene desaturase gene (PDS) was knocked out by mutation [3]. In 
subsequent years, PDS continues to serve as a marker gene in different annual and 
perennial plant species, as PDS-deficient plants are albinos [45]. Table 20.1 lists the 
forest tree species genome-edited to date. In trees, even though alternative Cas 
nucleases such as Cas12a have been available in principle for several years, Cas9 is 
the tool of choice. To our knowledge, the first Cas12a editing of a tree species was 
performed in 2020 using the PDS knockout in the poplar hybrid Populus alba x 
Populus glandulosa [46]. 


3 Advanced Editing Technologies and Current Developments 


Since the first genome editing experiments that resulted in Cas9-mediated knock- 
outs, CRISPR-based methods have continuously improved and evolved, particu- 
larly in annual crop plants and model species. Due to the tree-specific bottlenecks 
described above, the development of novel editing techniques in trees is not pro- 
gressing as rapidly as in other model plants. 


3.1 Effecting CRISPR/Cas Editing During Transformation 
and Regeneration 


Despite the expanding range of tree species that can undergo genome editing, most 
forest tree species still exhibit low transformation efficiencies [58, 59]. Much time 
can be spent obtaining a sufficient number of transgenic and genome-edited plants 
by scaling up transformation experiments or optimising the transformation method. 
Those optimisations include the transfer of the DNA as well as regeneration during 
tissue culture. 

To enhance transformation efficiency in recalcitrant species by boosting regen- 
eration, morphogenic regulator genes like WUSCHEL or BABY BOOM can be co- 
expressed with CRISPR/Cas components [60]. In poplar, Pan et al. [61] significantly 
increased callus and root initiation as well as shoot growth by co-activation of 
endogenous morphogenic genes WUSCHEL (PtWUS) or WUSCHEL-RELATED 
HOMEOBOX 11 (PtWOX11). While morphogenic regulator genes are facing the 
bottleneck of regeneration, using nanoparticles can enhance the direct delivery of 
plasmid DNA into the target tissue, making transformation more efficient or even 
independent of expensive and complicated laboratory equipment [62]. In Paulownia 
tomentosa, the polysaccharide nanoparticle Chitosan was used as a carrier for direct 
plasmid transfection of nodular segments. Since Chitosan has a positive charge, a 
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Table 20.1 CRISPR/Cas-edited forest tree species. For poplar trees, only inventions are mentioned 
here. More editing events are described in the section on traits and breeding 


Scientific species | Common Infiltration 
name species name Editing nuclease mechanism Reference 
Betula platyphylla | Asian white Cas9 targeting Agrobacterium- [47] 
birch unspecified regions based 
Castanea sativa European Cas9 targeting PDS RNP editing [45] 
chestnut 
Cryptomeria Japanese cedar | Cas9 targeting GFP Agrobacterium- [48] 
japonica and CjCHLI based 
Eucalyptus Rose gum Cas9 targeting CCR] | Agrobacterium- [49] 
grandis based 
Hevea brasiliensis | Rubber tree Cas9 targeting FT and | RNP editing [50] 
TFLI 
Juglans regia English walnut | Cas9 targeting PDS Agrobacterium- [51] 
based 
Larix gmelinii Dahurian larch | SpRY targeting three PEG-mediated [52] 
genomic sites protoplast 
transformation 
Parasponia w/o common Cas9 targeting Agrobacterium- [53] 
andersonii name PanHK4, PanEIN2, based 
PanNSP1, and 
PanNSP2 
Picea glauca Silver spruce / | Cas9 targeting DXSI | Agrobacterium- [54] 
(Picea Engelmann based 
engelmannii) spruce 
Pinus radiata Monterey pine Cas9 targeting GUXI | RNP editing [55] 
Populus alba x Poplar hybrid Cas12a targeting PDS | Agrobacterium- [46] 
Populus based 
glandulosa 
Populus alba x Poplar hybrid Cas9 targeting SAP/ | RNP editing [56] 
Populus 
glandulosa 
Populus davidiana | Poplar hybrid Cas9 targeting Agrobacterium- [47] 
x Populus unspecified regions based 
bolleana 
Populus x Chinese white | Cas9 targeting PDS Agrobacterium- B] 
tomentosa poplar based 
Populus tremula x | Grey poplar Cas9 targeting 4CL Agrobacterium- [39] 
Populus alba (P. x | (hybrid) based 
canescens) 
Populus Black Cas9 targeting Agrobacterium- [57] 
trichocarpa cottonwood PtrADA2b-3 based 


RNP — ribonucleoprotein 


complex was formed with negatively charged DNA improving the uptake through 
the negatively charged cell membrane [63]. 

Because a shoot often develops from more than one single transformed cell, 
regenerated transgenic plants are often chimeric resulting in possibly non-uniformly 
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edited regenerates in CRISPR/Cas approaches. This can affect the resulting pheno- 
type and experiments based on genetically uniform tissue. A second step of regen- 
eration decreased those chimeras in poplar and increased the frequency of 
homozygous CRISPR/Cas-mediated mutations [64]. 

Additionally, the activity of Cas9 and Cas12a can be enhanced by including a 
heat treatment during regeneration after transformation. This way, the editing effi- 
ciencies in poplar as well as birch have been increased [46, 47]. 


3.2 Optimising CRISPR/Cas Vectors for Forest Tree Editing 


Many aspects influence the efficiency of CRISPR/Cas editing. On the one hand, 
editing efficiency depends on the accessibility of the genomic target sequence to the 
Cas-enzyme, a factor depending on chromosome structure [65]. On the other hand, 
it depends on the expression of the Cas-gene as well as the activity of the Cas- 
enzyme and the transcription of gRNA, which can be influenced by proper vec- 
tor design. 

In reports of CRISPR/Cas experiments in non-model forest trees like birch, 
chestnut, or walnut, the 35S promoter is the promoter of choice to drive Cas expres- 
sion [45, 47, 51]. Because of its broad host range and well-studied functionality, as 
in classical gene technique experiments, this promoter is often used for the estab- 
lishment of methods. In CRISPR/Cas attempts with the model tree genus Populus, 
Cas expression under control of a synthetic 35S-MAS fusion promoter increased 
editing efficiency by 11% compared to the 35S promoter, which still is one of the 
standard promoters in poplars to date [66]. Driving the Cas expression under heter- 
ologous ubiquitin promoters resulted in editing efficiencies of up to 95% in poplar 
[61, 67]. Those examples show the potential of optimisation by promoter choice in 
non-model forest tree species. 

To enhance the translation of the Cas endonuclease in forest trees, codon- 
optimised variants like the plant codon optimised and the Arabidopsis thaliana 
codon-optimised Cas9 are routinely used [3, 40, 51, 53]. The use of a poplar codon- 
optimised AsCas 12a, the first report of target organism specific codon optimisation 
for forest trees, resulted in editing efficiencies of up to 70% [46]. For this kind of 
optimisation, knowledge about the codon usage of the target tree species must be 
available. In the Codon Usage Database, codon usage tables for different forest trees 
like poplar (Populus spp.), beech (Fagus spp.), chestnut (Castanea spp.), pine 
(Pinus spp.) or eucalyptus (Eucalyptus spp.) are available [68]. These tables can be 
used as a query for a codon usage analysis and optimisation of Cas genes. To predict 
Cas expression levels based on codon usage, the Codon Adaptation Index (CAT) can 
be calculated [69]. A value of one implements an optimal translation rate. If values 
are low, the online tool Optimizer can be used to create a sequence with a maximum 
CAI [70]. If only the rare codons that limit translation are to be identified, the graph- 
ical codon usage analyser can be used to predict relative adaptiveness of each 
codon [71]. 
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The most used promoter to drive gRNA transcription in forest trees is the U6-26 
promoter from A. thaliana (AtU6-26) [40, 51, 53], which is known for expressing 
high levels of gRNA in various plant species [72, 73]. In pine, a U6 promoter from 
Pseudotsuga menziesii, another member of the conifer family, is used [55]. 
Contrastively, in rubber tree (Hevea brasiliensis) endogenous U6 promoters were 
used for gRNA transcription resulting in editing efficiencies of HbPDS of up to 
67% [49], representing higher efficiency compared to reports of PDS editing with 
A. thaliana U6 promoters in forest trees [3, 51]. These results correspond with 
reports in other tree species and plants indicating that endogenous polymerase III 
promoters can enhance editing efficiency in general [74, 75]. 

To obtain a knockout mutant or to edit multiple genes at once, it is often required 
to target multiple sites in the genome. In consequence, the ability to express multi- 
ple gRNAs at once is desired. In chestnut, poplar or eucalyptus, individual tran- 
scription units were used to drive sgRNA transcription for Cas9 under the same or 
different polymerase III promoters [3, 49, 76]. To avoid usage of repetitive 
sequences, and therefore recombination, silencing and large vector size, multiple 
gRNAs separated by tRNAs can be combined in one transcription unit [77]. In this 
way, five crRNAs for Cas12a were transcribed by a single AfU6-26 promoter in 
poplar [46]. Pan et al. [61] in turn, used a polymerase II promoter to drive gRNA 
transcription for Cas9 in poplar, which is recommended for more than two gRNAs 
and offers the opportunity of inducible gRNA transcription. 

In plant species having a long regeneration time like forest trees, the proper 
choice of spacer sequence and, therefore, the functionality of the corresponding 
gRNA is essential due to time-consuming and ecological reasons. In poplar, spacer 
sequences and secondary structures of multiple gRNAs were associated with Cas9 
editing efficiencies resulting in recommendations for favourable gRNA structure 
and spacer sequence. These recommendations can be used to design gRNA candi- 
dates for Cas9-mediated genome editing by in silico prediction of secondary struc- 
ture to avoid non-functional sgRNAs [40]. For Cas12a, the effect of secondary 
structure and spacer sequence on editing efficiency has been analysed in human cell 
lines, E. coli and maize, but not yet specifically for forest tree species [78—80]. 
Potential gRNAs for different Cas variants and their efficiencies can also be pre- 
dicted in silico using online tools. But it must be considered that most of them like 
CRISPOR or CHOPCHOP are based on editing efficiency data from mammalian 
cells or zebrafish [81]. Although some tools, e.g., CHOPCHOP, use reference 
genome data from tree species, they are not specifically designed for forest tree spe- 
cies [82]. 

To evaluate gRNAs in the target organism, transient expression systems can be 
used prior to stable transformations. In rubber tree, protoplast transfection and 
amplicon deep sequencing of the target region were combined to check editing effi- 
ciency of Cas9 before stable transformation [83]. In poplar and birch, Agrobacterium 
inoculation of whole in vitro plantlets and quantitative PCR of the target locus are 
used [47]. It is likely that these transient systems can easily be adapted to other Cas 
nucleases, such as Cas12a. However, especially when using protoplasts, the cell 
type dependence on editing efficiency must be considered [65]. 
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If not being able to test in advance, a second (or even more) gRNA targeting the 
same genomic region can be used as backup to increase the probability of inducing 
at least one mutation [40, 67, 76]. Moreover, a 1.3 kb deletion at the target site was 
obtained using two sgRNAs for Cas9-mediated genome editing in Monterey pine 
(P. radiata, [55]). This large deletion is more likely to completely destroy the gene 
function. 


3.3 DNA-Free Editing 


In conventional CRISPR/Cas9 approaches, the Cas9 nuclease and gRNA are stably 
transferred into the target organism as genetic information. However, integration of 
CRISPR/Cas-related transgenes can be disadvantageous. Continuous cleavage 
activity of the Cas nuclease can increase formation of chimeric plants and off-target 
cleavage. In addition, transgenes are a limiting factor in terms of legal regulation. 

Since the outcrossing of transgenes in tree species is not an option in practice due 
to long reproduction cycles, it could be promising to obtain transgene-free edited 
plants in the first generation by avoiding transgene integration. Therefore, recombi- 
nant Cas-ribonucleoproteins (RNPs) can be used instead of plasmid-encoded 
CRISPR components. Since RNPs do not depend on gene expression and effective 
promoters, vector optimisation is omitted. However, the use of RNPs has its own 
parameters to be optimised, such as RNP concentration, protein-gRNA ratio and 
incubation temperatures. For proof of principle, RNPs for CRISPR/Cas editing 
were introduced into protoplasts of poplar (P alba x P. glandulosa), chestnut 
(C. sativa) and rubber tree (H. brasiliensis) using PEG [45, 50, 56]. A biolistic 
approach was used to co-deliver Cas-RNPs and a plasmid-encoded selection marker 
to somatic embryos of Monterey pine (P. radiata). Editing efficiencies of up to 33% 
were observed in selection marker resistant plantlets [55]. 


3.4 Gene Sequence Modification 


CRISPR/Cas-knockout mutants are primarily based on random indels obtained by 
error-prone non-homologous end joining (NHEJ) during the repair of DNA double- 
strand breaks (DSBs) [84]. But if interested in specific insertions, deletions, or 
exchanges of DNA, a more precise and accurate way of DNA modification is 
needed. Such ambitious techniques are at the very beginning in forest trees. 

For the conversion of single base pairs, CRISPR base editors (BEs) have been 
invented. BEs combine DNA binding domains with a nucleotide base deaminase 
that chemically modifies certain nucleotide bases. Using cytosine (CBEs) or ade- 
nine base editors (ABEs), conversions of C*G to TeA or AeT to GeC are possible, 
respectively [85]. Expression of Cas9 nickase-based BE in poplar (P. tremula x 
P. alba) led to the precise conversion efficiency of up to 100% for CBE and 95% for 
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ABE. Thereby indicating that efficiency depends on the target and can be improved 
by using a U3 instead of a U6 A. thaliana promoter for sgRNA transcription [67]. 
To enable insertion or replacement of sequences larger than single base pairs and 
up to several kilobases, gene targeting based on homology-directed repair (HDR) is 
applied. Here, a donor DNA containing the intended DNA modification as well as 
flanking sequences homologous to the target site can be co-delivered with the 
CRISPR/Cas components. With the simultaneous inhibition of NHEJ by knocking 
XRCC4 out and the enhancement of HDR by overexpressing CrlP and MRE11 in 
poplar (P. trichocarpa), a bleomycin resistance gene was seamlessly integrated in 
frame of an endogenous promoter by Cas9 with knock-in efficiency of up to 48% [86]. 


3.5 CRISPR Activation 


CRISPR/Cas can be used for activation of target genes by recruiting transcription 
activators, independent of CRISPR/Cas-mediated changes to the DNA sequence 
[87]. Because a DSB is not required, CRISPR activation is achieved by nuclease- 
inactive deadCas9 (dCas9). For gene activation in poplar (P. alba x P. tremula), a 
CRISPR-Combo system based on CRISPR-Act3.0 was used to enable gene editing 
and activation at the same time. Therefore, Cas9 endonuclease activity was deacti- 
vated by using short protospacer sequences of 14 to 16 nucleotides. Activators were 
acquired by gRNA using MS2-SunTags. Editing efficiencies of 100% and gene acti- 
vation of up to 100-fold expression were achieved [61]. 


4 Forest Tree Relevant Traits as Breeding Objectives 


Forest trees are important sequesters of CO, into biomass and components of ter- 
restrial biodiversity. As sessile organisms with prolonged growth, forest trees are 
frequently exposed to diverse stresses derived from the abiotic and biotic environ- 
ment. Climate change-related weather conditions contribute to novel and increas- 
ingly severe environmental stresses for forest trees, such as drought periods or 
increased soil and water salinisation in certain climate zones. Although trees are 
evolutionarily adapted to local environments, fast-changing fluctuations of local cli- 
mate conditions strongly affect their viability. Moreover, the establishment of novel 
tree pathogens caused by climate fluctuations and the increased vulnerability of 
already stressed forest trees to domestic pathogens also put forest trees under stress 
[88]. Trees are increasingly required to withstand specific stresses and to remain 
upright, providing, in part, irreplaceable both ecological and economic value for 
countries and their people. The ability of trees to assimilate CO, in great quantities 
displays a natural mechanism to mitigate global warming effects. However, climate 
change-derived stresses may reduce carbon fixation due to reduced photosynthesis 
rates when water is scarce or temperatures are too high [89]. 
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Forest tree tolerances, resistances, and the refined breeding of commercial traits 
display the present-day breeding objectives. Improved and especially accelerated 
breeding strategies and genetic research on traits need more attention if species or 
products are to be sustained in the near future. Even though implementing genome 
editing in forest trees to improve and accelerate breeding purposes is still young, 
some research has displayed this mechanism’s fast potential, especially on func- 
tional analyses of single genes and their correlation with desired traits. 


4.1 Abiotic Stress Tolerances 


Abiotic stress tolerance-related research deals with elucidating and improving traits 
for tolerance of abiotic environmental factors, especially drought or salinity, that 
trees are increasingly confronted with. The continuing incorporation of genome 
editing mechanisms (particularly CRISPR/Cas) in this research field drastically 
improves the understanding of single gene functions and their impact on tolerance 
traits by subsequently isolated phenotype analyses. Even though, to date, the 
research on abiotic stress tolerance-related traits is still limited in trees, an increase 
is observable and will gain more attention in future. However, some research has 
been done regarding single or multiple stresses and their higher-ordered adaption 
mechanisms. 


4.1.1 Drought Stress 


Drought stress describes the stress caused by the absence of water supply, which can 
reduce biomass production and the energy-providing mechanism of photosynthesis. 
While the research on annual model plants already revealed important mechanisms 
and genes involved in drought stress tolerance, the research on forest trees (espe- 
cially under the application of genome editing) is in its infancy. The research of 
recent years mainly applied CRISPR/Cas-mediated knockouts in the model genus 
Populus to verify observable phenotypes derived from overexpression of putative 
drought tolerance-related genes. Even though CRISPR/Cas-mediated knockout 
mutants did not improve traits of drought stress tolerance, the precise knockouts of 
candidate genes helped insights into gene functions and their further use for tree 
tolerance breeding purposes. As a trait of putative drought stress tolerance, Zhou 
et al. [90] analysed the mechanism of root growth under drought stress. 
Overexpression and CRISPR/Cas9 knockouts of the root-specific NUCLEAR 
FACTOR-Y transcription factor (TF) NF-YB2/ were analysed in the poplar hybrid 
84 K (P. alba x P. glandulosa). Comparative analyses of one-month-old nf-yb21 
mutants and WT poplars revealed a reduced drought stress tolerance of the mutants 
by significantly reduced overall root growth and biomass, as well as thinner xylem 
vessels with tyloses and lower lignin contents, which reduced the hydraulic conduc- 
tivity, an important indicator of water transport from soils [90]. 
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As stomata regulate the flow of gases and thereby a plants water status, Shen 
et al. [91] analysed the impact of the TF PdGNC on stomatal aperture in P. x cane- 
scens. 60-days-old CRISPR/Cas9-mediated gnc mutants exhibited increased stoma- 
tal aperture and water loss with reduced drought stress tolerance under drought 
stressed experimental conditions of 75 days. Analyses explained the drought- 
susceptible phenotype with lower nitric oxide (NO) levels and hydrogen peroxide 
(H202) production in guard cells, increasing the stomatal aperture and, thereby 
water loss [91]. Similarly, Bai et al. [92] studied the function of the TF gene 
OSMOTIC STRESS INDUCED C2H2 1 (OSIC1) in P. alba var. pyramidalis that is 
likewise involved in the pathway of stomatal aperture. CRISPR/Cas9-mediated 
knockout mutants showed significantly reduced performance under drought stress 
by greater stomatal aperture and water loss. This was explained by the involvement 
of OSIC] in a newly discovered transcriptional regulatory mechanism of H20, pro- 
duction in guard cells. The results enrich the understanding of how perennial woody 
plants respond to drought-induced osmotic stress, which can be further used for 
refined breeding approaches [92]. 


4.1.2 Salt Stress 


The salinisation of forest soils describes the excessive accumulation of water- 
soluble salts in upper soil horizons. It mainly derives from extreme weather condi- 
tions, with dry climates and low precipitation. If prolonged over a long time or at 
high concentrations, the salinity of the soil results in reduced water and increased 
salt uptake of trees, resulting in stress through ionic, osmotic, oxidative, and other 
secondary changes. Salt stress can, when exposed for a long time, end in plant die- 
offs [93]. Here, damage severity depends on salt concentrations, the growth stage of 
trees or the tree species, with Populus euphratica known to tolerate specific salt 
concentrations and growing in saline semi-arid areas [94]. 

Efforts have been made to study the impact of single gene modifications on salt 
stress tolerance by using genome editing in Populus. CRISPR/Cas9-mediated 
knockout of the TF gene WRKY77 in P. alba var. pyramidalis significantly improved 
the salt tolerance of poplars under in vitro salt stress conditions [95]. After growing 
for one month in liquid medium with 150 mM NaCl, wild-type (WT) poplars 
showed leaf chlorosis symptoms, while palwrky77 mutant leaves remained green 
with little discolourations. Further, significantly higher electrolyte leakage mea- 
surements suggested a higher cell disruption in WT compared to mutant poplars. Jn 
vivo and in vitro assays revealed the differences in salt stress tolerance by the 
PalWRKY77-induced repression of abscisic acid-related genes. Therefore, 
PaIWRKY77 was found to be a negative regulator of salt stress response in poplars, 
providing a potential basis for genetic modification to generate salt-tolerant poplars 
in saline habitats [95]. 

To further elucidate salt stress tolerance in trees, candidate genes could be 
selected by the orientation of promising genes in annual plants such as A. thaliana, 
Oryza sativa, or Solanum lycopersicum. Shelake et al. [96] illustrate the potential of 
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genome editing in crop plants to increase salinity tolerance. Here, CRISPR/Cas- 
mediated knockouts of AtAITR genes involved in abscisic acid signalling in A. thali- 
ana [97], the OsPQT3 gene, an E3 ubiquitin ligase involved in the regulation of 
oxidative stress in O. sativa [98], or the SIARF4 gene, an auxin response factor in 
S. lycopersicum [99], resulted in improved salinity tolerance and may be promising 
candidate genes for genetic modifications in forest trees if sequence information 
and genetic transformability are given. 


42 Biotic Stress Resistance 


Plant pathogens, including viruses, fungi, bacteria, or oomycetes, are part of every 
functional ecosystem. However, globalisation or changing environmental factors 
contribute to the spread and mutation of pathogens, leading to pathogens harmful to 
single species or whole plant ecosystems. Resulting emerging infectious diseases 
can cause landscape-level mortality and, subsequently, ecosystem-wide changes 
[100]. The importance of tree pathogen control can be exemplified in the interfer- 
ence of the fungus Hymenoscyphus fraxineus, causing ash dieback with severe mor- 
tality of common ash trees (F: excelsior) in most parts of the ash distribution range 
in Europe [101]. Other prominent examples of forest tree pathogens are chestnut 
blight, Dutch elm disease, myrtle rust, white pine blister rust, poplar leaf rust, and 
sudden oak death [100]. 

To date, the research on forest pathogen resistance by genome editing mecha- 
nisms is in its infancy. In addition to technical limitations in working with forest 
trees, the lack of knowledge of tree-pathogen interactions may restrict genome edit- 
ing applications, as it denotes the basis for advanced research. Wang et al. [102] 
analysed the involvement of the TF MYB115 on the production of proanthocyani- 
dins (PAs), a class of defence phenolic compounds in the leaves of poplars (Populus 
spp.) in response to abiotic and biotic stresses. CRISPR/Cas9 knockouts of MYB115 
in P. x tomentosa revealed significantly reduced levels of PAs and decreased expres- 
sion of PA biosynthesis genes, suggesting the positive contribution of MYB115 to 
PA biosynthesis. After infection with Dothiorella gregaria, leaves from the poplar 
mutant myb115 showed significantly higher damage [102]. 

Widespread biotrophic rust fungi of the genus Melampsora can reduce the eco- 
nomic value of trees, such as for Populus in natural stands and plantations, by reduc- 
ing significant amounts of biomass [103, 104]. To elucidate genes involved in 
Melampsora resistance, Jiang et al. [105] focused on the TFs WRKY18 and 
WRKY35. The WRKY group is well known for being involved in abiotic and biotic 
stress responses in plants. Constitutive overexpression of WRKY18 and WRKY35 in 
P. x tomentosa led to increased resistance to Melampsora by elevated expression 
levels of downstream genes and lower H;O, accumulation. In contrast, CRISPR/ 
Cas9-mediated knockout mutants did not differ from WT poplars regarding the 
expression levels of downstream genes and H,O, accumulation, concluding an unal- 
tered Melampsora resistance [105]. 
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43 Commercial Traits: Productivity and Wood Properties 


Trees provide biomaterials with benefits for human life. Especially wood produc- 
tion and wood composition are interesting traits for refined breeding purposes due 
to the broad range of applications, ranging from the area of building and other 
industries up to energy supply. Economically important tree species include P. abies, 
Tectona grandis, or Cedrus deodara for timber production or Picea rubens, Abies 
balsamea or Populus tremuloides for the production of pulp and paper [106]. 
Prominent representatives of trees for biofuel production are species of the genus 
Populus or Salix due to their fast growth, allowing the production of significant 
amounts of biomass [107, 108]. 


4.3.1 Wood Productivity 


The productivity of a forest is defined by the standing forest volume at a specific 
time and referred to as yield, expressed by the accumulation of aboveground stem 
wood in standing trees. This biomass formation and correlated wood production 
exhibit an essential trait to improve due to the increasing wood utilisation demands, 
especially under increasing climate change-related disturbances on wood sup- 
ply [109]. 

Genome editing mechanisms have been used to investigate the growth and devel- 
opment of woody plants. Thereby, conclusions could be made of genes involved in 
productivity, mainly in wood formation, to meet the demands of future wood pro- 
duction. CRISPR/Cas9-mediated knockouts of the A. thaliana BRANCHED ortho- 
logs BRANCHED 1-1 (PcBRCI1-1) and BRANCHED2-1 (PcBRC2-1) genes in P. x 
canescens strongly enhanced bud outgrowth [110]. Pcbrc2-1 mutants revealed a 
significantly higher number of branches, whereas mutants of Pcbrc1-1 revealed sig- 
nificantly higher shoots. As poplar trees are used for bioenergy production on short 
rotation coppices (SRCs), the enhanced sylleptic branching of the mutants may be 
an improved trait regarding the critical plantation establishment phase in the first 
year. It may increase the biomass yield through the early closure of the canopy and, 
subsequently, the reduction of competing weeds by shading [110]. However, long- 
term biomass evaluation is still needed. 

Fladung [111] generated CRISPR/Cas9-mediated knockouts of the rice ortholog 
TILLER ANGLE CONTROL 1 (TAC1) in P. x canescens to investigate the function 
of the gene on the pyramidal plant growth, as could be seen by reduced expression 
levels of TAC/ in Prunus species [112]. After a growth period of 3 years in the 
greenhouse, mutated poplars showed an altered phenotype compared to WT trees, 
with leaves of a narrower angle and an upright growth of shoots [111]. Even though 
no increased biomass production was detectable, upright-grown poplar trees may be 
interesting for SRCs, as the erect leaf or shoot growth allows more trees per area 
and, therefore, higher yield per area. 
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Further experiments of CRISPR/Cas knockouts of poplars were conducted to 
investigate the function of genes on wood productivity and growth [113]. However, 
knockouts were not correlated with improved biomass production. 


4.3.2 Wood Composition 


Wood mainly comprises the polymers lignin and the polysaccharidic cellulose and 
hemicelluloses, enriched in secondary-thickened cell walls. Polysaccharides are the 
desired substances of industries producing paper and pulp. In contrast, even though 
increasingly used for aromatic building blocks in the chemical industry, lignin 
impairs the extraction of cellulose and hemicelluloses, therefore being declared as a 
factor of biomass recalcitrance [114]. 

To reduce the amount of lignin in the wood composition, several genome editing 
attempts were conducted targeting lignin biosynthesis, ranging from involved tran- 
scription factors and oxidative enzymes up to the lignin biosynthesis genes them- 
selves. Early genome editing via the CRISPR/Cas9 system in the P. x canescens 
produced biallelic knockouts of the 4-COUMARATE: COA LIGASE 1 (4CL1) gene, 
which was shown to be involved in the lignin biosynthesis [39]. The poplar mutants 
revealed 23% less lignin in stem wood. Xu et al. [115] genetically modified the TF 
gene PtoMYB170 in P. x tomentosa by creating knockout mutants generated by 
three target sites for CRISPR/Cas9 endonuclease. Knockout mutants of PtoMYB170 
displayed inability for upright growth, resulting in a pendant phenotype due to sig- 
nificantly reduced lignin deposition in the stem’s secondary xylem growth. 
Expression analyses of lignin biosynthesis genes indicated strongly reduced expres- 
sion levels in the knockout mutants, demonstrating that PtoMYB170 is strongly 
influential on the downstream genes and lignin deposition in P. x tomentosa [115]. 

Other strategies involved the manipulation of genes involved in the direct bio- 
synthesis of lignin. Vries et al. [116] conducted CRISPR/Cas9 knockouts of the 
CAFFEOYL SHIKIMATE ESTERASE 1 and 2 (CSE1, CSE2) genes in P. x canes- 
cens. After 4 months of growth in the greenhouse, double mutants cse/cse2 showed 
a height reduction of 35%, with further reduced stem diameter by 14%, stem fresh 
weight (not debarked) by 52% and stem dry weight (debarked) by 69% as compared 
to WT trees [116]. However, lignin contents were decreased by 35%, which trans- 
lated into a fourfold increase in cellulose-to-glucose conversion upon limited sac- 
charification. That indicates that the saccharification efficiency (hydrolysis from 
polysaccharides to monosaccharides), positively affects the fermentation of mono- 
saccharides to ethanol, a favourable trait of biofuel production [117]. Jang et al. 
[118] conducted a comparable CRISPR/Cas9 knockout approach of CSE/ and 
CSE2 in the closely related poplar hybrid 84 K (P. alba x P. glandulosa). In contrast 
to Vries et al. [116], they found a reduction of lignin deposition of up to 29.1% in 
either cse] or cse2 single mutants, along with reduced expression levels of lignin 
biosynthesis genes. Simultaneously, the genome-edited lines showed no growth 
retardation and a morphologically indistinguishable phenotype to WT trees in a 
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long-term living modified organism field test covering four seasons [118]. In addi- 
tion, mutant poplars showed up to 25% higher saccharification efficiency than the 
WT control. The difference between both conducted studies from Vries et al. [116] 
and Jang et al. [118] may rely on the different species (P. x canescens; P. alba x 
P. glandulosa, respectively) or the amount of lignin reduction (35%, 29.1%, respec- 
tively) and thereby a specific threshold, under which no phenotypic changes are 
observable [118]. 

Within several years, genome editing positively affected the understanding of 
lignin-related genes in the model tree genus Populus and successfully established 
poplar trees with limited amounts of lignin and no growth retardation, providing 
essential insights into the future breeding of lignin-reduced wood composition 
in trees. 

Apart from the genetic modification of wood composition-related genes, param- 
eters of wood anatomy, particularly xylem fibre and vessel length were analysed by 
genome editing of Fasciclin-like arabinogalactan proteins (FLAs) in P. trichocarpa 
[119]. Out of 50 in vivo characterised poplar FLAs, two genes (PtrFLA40 and 
PtrFLA45) were selected due to their high expression in the developing xylem as 
well as their high similarity in amino acids of 95.2%. Selected FLA genes were 
knocked out by CRISPR/Cas9. Double mutants ptrfla4Optrfla45 revealed signifi- 
cantly increased stem length and diameter and enlarged cell sizes of xylem fibres 
and vessels of 4-month-old grown greenhouse poplars compared to unmodified WT 
trees [119]. These findings may be relevant for the paper and pulp industry, as the 
fibre length is an important quality trait due to its positive effect on sheet 
strength [120]. 


5 Biosafety of Genome-Edited Trees 


Trees differ from most agricultural crop plants in many characteristics, such as long 
lifespan and long generation cycles, complex habitat, and low degree of domestica- 
tion. As with genetically modified (GM) trees, biosafety has to be considered before 
their deployment [121, 122], but well-documented knowledge on specific biosafety 
aspects is rare for genome-edited trees. Thus, information on biosafety protocols for 
genome-edited trees is required which provide a scientific basis for future European 
Union regulations on environmental risk assessment to ensure the safe development 
and use of genome-edited trees. 

Biosafety-relevant aspects comprise four main technological issues that need to 
be discussed for genome-edited trees [123]: (i) Are the gene-edited and naturally 
emerged modifications in fact identical? (ii) If not, are the differences potentially 
hazardous? (iii) Are efficient containment strategies required to avoid possible 
adverse outcomes from vertical and horizontal gene transfer? (iv) Are off-target 
effects probable, and if yes, is the selective inclusion of “omics’-technologies 
needed to study cellular effects following the expression of the gene-edited gene(s)? 
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Like other plant species, genome-edited trees have the potential for gene flow 
when they flower. Thus, edited gene(s) could be spread to wild relatives through 
gene flow (vertical gene transfer). Many tree species are wind pollinators releasing 
pollen into the environment, which can sometimes be transported over very long 
distances. In case that the edited gene(s) have a developmental/evolutionary advan- 
tage, this could pose an invasive potential of these trees. Unintended ecological 
consequences could occur, such as the unintended spread of invasive genes or of the 
whole tree (by vegetative propagation, e.g., root suckers [124]) into natural popula- 
tions. Thus, at least theoretically, the necessity of establishing containment strate- 
gies has to be considered. Therefore, the establishment of confinement systems, i.e., 
by making trees sterile by suppressing either pollen production (in male stamens) or 
female ovule development, is considered to prevent the uncontrolled spread of the 
edited genes [125]. 

In addition, possible unintended effects of genome-edited trees on non-target 
organisms must be considered. For example, if a tree is modified in a gene involved 
in the secondary metabolism and, as consequence, produces a new ingredient, this 
could act as a toxin to the tree-interacting organisms. Trees fulfil numerous ecosys- 
tem services, such as carbon sequestration, soil conservation, and water regulation. 
Again, genome-edited trees producing a new ingredient, could impact these ser- 
vices. For example, if a tree is modified to grow faster, it may sequester more car- 
bon, but it could also deplete soil nutrients faster. 

If a mutation has been detected in the plant genome without knowing whether it 
was natural or induced, to date, there are no detection methods to distinguish 
between gene-edited and natural mutations. In addition, if a cultivar carrying a natu- 
ral mutation has been assessed as being safe in biosafety testing, there is no reason 
to assume a hazard if the cultivar has an induced mutation similar to a natural one. 
However, the mechanisms leading to the mutations are different, thus, because of 
the longevity of trees, long-term effects of genome-edited trees have to be consid- 
ered, at least theoretically. This includes, for example, the long-term stability of the 
gene-edited modification or the epigenetics of the whole edited DNA region. To 
study the stability of the edited gene, the establishment of field trials under natural 
conditions are necessary. Such field trials could (i) deliver results about phenotypic 
effects resulting from expression of the gene edited genes, (ii) validate observations 
made under greenhouse conditions, and (iii) unravel putative non-target effects 
when the trees are grown within the range of natural variation. However, similar to 
GM trees, field trials with gene-edited trees will be the exception rather than the rule 
in Europe. Reasons for this are manifold. Firstly, a high level of public concern 
exists against genetic engineering technologies. Thus, many consumers are reluc- 
tant to accept products made from genetically modified organisms. In addition, 
regulatory hurdles which are based on the precautionary principle are high in 
Europe, making the regulatory process for field trials extremely long and making it 
difficult to obtain approval for a field trial with gene-edited trees. And finally, simi- 
lar to GM plants in general, many companies and researchers fear that anti-GMO 
activists will destroy field trials with gene-edited trees. 
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Off-target effects are unintended changes in the DNA resulting from gene editing 
in “wrong” genes. This could occur, for example, when gene editing is aimed at 
duplicated genomes and the target genes are present in duplicated or even in multi- 
ple copies and are highly similar in their sequence. As a consequence, it could be 
that the gRNA was not specifically designed for the one gene to be edited and that 
also sequence-homologous genomic regions (e.g., paralogous genes) are targeted 
by the gRNA. This could lead to mutations in other parts of the genome, potentially 
causing gene knockouts or activation or silencing of genetic regulatory elements. 
However, such off-target modifications could simply be avoided through improve- 
ment in the gRNA design [40], based on reliable genome sequences of the tree spe- 
cies to be edited. 

It is common silvicultural practice to perform a formal evaluation of the behav- 
iour of new tree varieties under natural field conditions. Accordingly, a number of 
field trials have to be set up to assess the safety of gene-edited trees modified for 
different genes, similarly as it was performed with GM trees [126]. However, in 
contrast to classical GM-technology, genome editing modified genomic informa- 
tion is targeted and precise, thus, organisms (microbes, plants and animals) harbour- 
ing mutations created by genome editing are indistinguishable from organisms 
carrying an identical but naturally emerged mutation. This could lead to the ques- 
tion whether the biosafety of gene-edited trees needs to be tested in the field at all. 
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Abstract Cichorium varieties are cultivated both as leafy vegetables as well as 
industrial root crop for extraction of the food fibre inulin. Cichorium is a typical 
European crop and grown on a relatively small scale. However, due to its distinctive 
taste and health benefits and its capacity to produce multiple bioactive compounds, 
Cichorium has great potential if varieties could be optimised for these properties by 
breeding. In recent years it has been demonstrated in several laboratories that chic- 
ory is very amenable to genome editing. Different protocols were developed and 
implemented to adapt bitterness as well as to accumulate medicinal terpenes, gener- 
ating potential socio-economic benefits over the entire value chain from farmers to 
consumers, as well as for the environment. In addition, scientific knowledge on 
chicory biology, particularly on the biosynthesis of secondary metabolites was sig- 
nificantly increased. This demonstrates how genome editing can contribute to 
breeding of niche crops such as Cichorium, which have relatively little investment 
leverage for extensive breeding programs. 


1 Cichorium Species and Their Sesquiterpene Lactones 


The genus Cichorium belongs to the Asteraceae family of plants. About 10 
Cichorium species have been described, with C. intybus being the best known and 
being cultivated for different applications (Fig. 21.1). 

C. intybus var. foliosum (e.g., witloof), C. intybus var. latifolium (e.g., radicchio) 
and the closely related C. endivia (e.g., endive), are well-known leafy vegetables 
appreciated for their characteristic bitter taste and richness in nutritionally relevant 
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Fig. 21.1 Overview of different Cichorium species and varieties: (a) C. intybus var. sylvestre 
(Catalogne); (b) C. endivia (endive); (c) C. intybus var. porphyreum (sugerloaf); (d, f) C. intybus 
var. latifolium (radicchio); (e) C. intybus var. latifolium (radicchio early red of Treviso); (g) C. inty- 
bus var. latifolium (radicchio late red of Treviso); (h) C. intybus var. foliosum (redloof); (i) C. inty- 
bus var. foliosum (witloof); (j) C. intybus “variegata di Castelfranco’; (k) C. intybus var. sativum 
(industrial chicory); (1) Flowers of C. intybus. (Pictures provided by Bram Van de Poel, KU 
Leuven, Belgium) 


compounds with beneficial effects on human health. However, the bitter taste can 
have a negative influence on consumer acceptability, especially among young adults 
and children. Industrial chicory (C. intybus var. sativum) is grown, particularly in 
the south of the Netherlands, Belgium and north of France, for its large taproots 
from which inulin is extracted. C. intybus is grown on a relatively small area with a 
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total global acreage of around 14,500 ha [1, 2]. Inulin is a prebiotic food fibre which 
stimulates gut health [3] and is used as food ingredient in products such as yogurts 
and granola bars. Chicory is actually an ancient crop and its use as food and for its 
medicinal properties is documented already since Roman times [4]. Apart from inu- 
lin extraction, industrial chicory roots also have potential as raw material to make 
chicory flour for use in food industry as the flour will contain the nutritional benefits 
of inulin and does not contain gluten. But the use of this flour is still limited due to 
the high bitterness of the roots. 

The bitter taste of the Cichorium crops is caused by the presence of sesquiter- 
pene lactones (STLs) that accumulate both in leaves and roots. STLs represent a 
large and diverse group of terpenoids with more than 5000 different STLs being 
identified in Asteraceae [5]. STLs are specialized isoprenoid metabolites that con- 
tain 15 carbon atoms and which have a lactone function. The presence of a y-lactone 
ring containing an a-methylene group, is a significant characteristic of STLs. They 
were shown to have a defence role in plants as protection against herbivorous insects 
and fungi [6-8]. 

Based on their skeleton, STLs are classified in six major groups namely ger- 
macranolides, eudesmanolides, eremophilanolides, guaianolides, pseudoguaiano- 
lides and hypocretenolides and many subtypes [8]. Leaves and especially roots of 
Cichorium species contain high concentrations of the bitter guaianolides lactuco- 
picrin, lactucin, and 8-deoxylactucin. Eudesmanolides and germacranolides are 
present in smaller amounts [9]. 8-Deoxylactucin, lactucin, and lactucopicrin pre- 
dominantly occur in the oxalated form [10], but also their derivatives such as 
11,13-dihydro-analogues are present. Several health-related bioactivities of chicory 
STLs have been documented. Lactucin and lactucopicrin display analgesic and 
sedative effects [11] and have antimalarial activity [12] and natural extracts from 
chicory roots present antibacterial and antifungal properties [13]. Purified fractions 
from chicory roots containing a mixture of 8-deoxylactucin and dihydro-8- 
deoxylactucin possess promising anti-inflammatory properties [14]. Also dihydro- 
lactucin, a lactucin derivative found in chicory, revealed anti-inflammatory potential 
[15]. It is not yet clear which STLs contribute the most to the bitterness perceived 
by consumers [5]. 

The biosynthesis of STLs in chicory has been partly elucidated (Fig. 21.2). The 
common sesquiterpene precursor farnesyl pyrophosphate (FPP) is first cyclized to 
germacrene A by the germacrene A synthase (CiGAS) [16]. The biosynthesis con- 
tinues by oxygenation by presumably as many as six cytochrome P450 enzymes of 
which the genes encoding germacrene A oxidase (CiGAO), costunolide synthase 
(CiCOS), kauniolide synthase (CiKLS) and lactucin synthase (CiLCS) have been 
identified [17-23], all belonging to the CYP71 clan of cytochrome P450 enzymes. 
The STLs are further modified by conjugations with 4-hydroxyphenyl acetate and 
oxalate and by reduction of the 11,13-double bond. Enzymes involved in 
4-hydroxypheny] acetate and oxalate transfer and reduction of the double bond have 
not yet been identified. The basic STL structures in different chicory subspecies are 
identical but between varieties their relative abundance and the extent of modifica- 
tions can differ. The downstream steps in the STL biosynthesis, from the tricyclic 
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CiCOS 


8-deoxylactucin, ROH lactucin, R=OH lactucopicrin, R=OH 
8-deoxylactucin oxalate, ReOCOCOOH lactucin oxalate, R= OCOCOOH lactucopicrin oxalate, R= OCOCOOH 


Fig. 21.2 Biosynthetic pathway of chicory STLs. Enzymes to be inactivated for reduction of bit- 
terness are indicated in red font and enzymes to be inactivated for accumulation of medicinal 
compounds are indicated by a blue arrow. Dashed arrows indicate uncharacterized enzymatic con- 
versions. FPP — farnesyl pyrophosphate, CiGAS — germacrene A synthase, CiGAO — germacrene 
A oxidase, CiCOS — costunolide synthase, CIKLS — kauniolide synthase, CiLCS — lactucin 
synthase 


kauniolide onward, appear to take place in the latex itself, as the CiKLS and CiLCS 
genes show latex-specific expression [17, 18]. 

In summary, chicory species are producing several compounds that are highly 
relevant for food, namely the dietary fibre inulin and the bitter tasting terpenes, with 
some of these terpenes displaying beneficial health properties. Generating varieties 
with an optimized composition of either of these compounds would therefore be 
highly interesting and open new markets for food industry with great economic 
impact. Today, for industrial chicory hot water extraction is used to extract inulin 
and the bitter tasting STLs are co-extracted in this process [24]. Since the presence 
of bitter compounds in inulin limits its use as a prebiotic dietary fibre and sweetener 
in food products, the STLs are removed in subsequent purification steps, increasing 
the costs and input for processing. Moreover, related to leafy Cichorium species as 
witloof and radicchio, product differentiation by creating a more diverse range of 
flavours would maximize witloof acceptance and benefit of its health promoting 
compounds. However, chicory species are relatively small crops with little invest- 
ment leverage to enter lengthy breeding programs of about 10 years to produce a 
new cultivar. Although Cichorium species are self-incompatible, selfing at a low 
rate can still occur [25, 26]. Thanks to the high number of flower heads produced 
during a generative period, a quite high amount of selfed seeds can thus still be 
formed. However, creating true hybrids remains cumbersome. New breeding tech- 
niques, e.g. CRISPR/Cas genome editing, could make a difference to create chicory 
varieties with consumer traits in a faster and more efficient manner. 
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2 Genome Editing in Cichorium Species 


Genome editing methods for Cichorium have first been described in 2019 [27]. 
Since then several studies describe the use of CRISPR/Cas-based genome editing in 
Cichorium species (Table 21.1). Protocols for four different delivery methods of 
CRISPR/Cas reagents have been established. High efficiency of genome editing 
using Agrobacterium rhizogenes-mediated stable transformation in hairy roots was 
first demonstrated for the chicory phytoene desaturase gene (CiPDS). This opti- 
mized protocol was later used to elucidate the function of biosynthetic enzymes 
involved in the synthesis of tetracoumaroyl spermine in chicory [28]. Introduction 
of CRISPR/Cas system via Agrobacterium tumefaciens-mediated stable transfor- 
mation was first described targeting the CiGAS gene [29]. While stable transforma- 
tion methods lead to high editing efficiency, thanks to the continuous editing after 
stable genome integration of CRISPR/Cas, they have a disadvantage for chicory 
breeding due to chicory self-incompatibility (although incomplete) and long time 
needed for outcrossing the T-DNA. Genome editing of the same gene in two com- 
patible varieties is needed followed by segregation of transgenes after crossing. In 
addition, detailed genotyping of the resulting plants revealed that plants obtained by 
stable transformation often showed chimerism and a mixture of CiGAS genotypes 
in the same plant was observed. 

In parallel, transient delivery methods for chicory protoplasts combined with 
whole plant regeneration were established. Transient delivery of plasmids encoding 
CRISPR/Cas reagents was used for editing of the CiPDS gene and genes involved 
in the biosynthesis of chicory STLs [17, 18, 21, 23, 27, 30]. Although efficient gen- 
eration of biallelic mutants was described even for multi-gene families of the STL 
pathway, unintended integration of plasmid DNA into the chicory genome in up 
to 30% of plants was observed in several studies [17, 18, 27, 30]. Alternatively, 
delivery of preassembled ribonucleoprotein complexes (RNPs) was established for 
chicory protoplasts [17, 29, 30]. This DNA-free delivery method is efficient while 
at the same time eliminating the risk of unintended DNA integration. Therefore, it 
can be concluded that delivery by RNPs is the most suitable delivery method for 
genome editing in chicory. 

When comparing the three methods, stable Agrobacterium transformation, tran- 
sient plasmid delivery and RNP transfection, for off-target editing at six potential 
off-target sites in the chicory genome showing similarity to the target sequence in 
the CiGAS gene, no off-target editing was observed for either of the three delivery 
methods [29]. In conclusion, both stable transformation and transient transfection 
have successfully been used in chicory with high efficiency, also for editing multi- 
gene families (Table 21.1). This advance will facilitate functional analysis and 
genetic improvement of chicory. 


378 


Table 21.1 Studies describing use of genome editing in Cichorium sp. 
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Genome 
editing 
Aim of study Edited gene Delivery system efficiency | Reference 
Testing of genome Phytoene desaturase A. rhizogenes - 31% [27] 
editing efficiency (CiPDS) mediated stable 
transformation 
Plasmid transfection | 4.5% 
to protoplasts 
Reducing bitterness | Germacrene A synthase Plasmid transfection | 14-16% [30] 
(CiGAS-S1, CiGAS-S2, to protoplasts 
CiGAS-S3, CiGAS-L) RNP transfection to | 4-25% 
protoplasts 
RNP transfection to | 20-40% 
protoplasts using 
modified sgRNA 
Reducing bitterness | Germacrene A synthase |A. tumefaciens - 90% [29] 
(CiGAS-S1, CiGAS-S2) mediated stable 
transformation 
Plasmid transfection | 51% 
to protoplasts 
RNP transfection to | 80% 
protoplasts 
Reducing bitterness | Germacrene A synthase Plasmid transfection | 20-26% [21] 
(CiGAS) to protoplasts 
Germacrene A oxidase 
(CiGAO) 
Costunolide synthase 
(CiCOS) 
Reducing bitterness | Germacrene A synthase Plasmid transfection | 24% (on [22,23] 
(CiGAS), germacrene A | to protoplasts; average) 
oxidase (CiGAO), multiplexed gene 
costunolide synthase targeting 
(CiCOS), kauniolide 
synthase (CiKLS/, 
CiKLS2, CiKLS3) 
Boosting of Kauniolide synthase Plasmid transfection | 3—8% [17] 
medicinal (CiKLS1, CiKLS2, to protoplasts 
STL costunolide CiKLS3) RNP transfection to | 3% 
protoplasts 
Boosting of Lactucin synthase Plasmid transfection | 21% [18] 
anti- (CiLCS) to protoplasts 
inflammatory STL 
8-deoxylactucin 
Elucidation of Spermidine A. rhizogenes - nd’? [28] 
tetracoumaroyl hydroxycinnamoyl mediated stable 
spermine transferase-like proteins | | transformation 
biosynthetic pathway | and 2 (CiSHT1/ and 


CiSHT2) 


‘nd = not determined 
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3 Genome Editing for Reduction of Bitterness 
in Cichorium Crops 


Although there is some natural variation in the STL content among Cichorium spe- 
cies [31, 32], variants with a considerable low STL content have not yet been identi- 
fied. Using CRISPR/Cas targeting genes involved in the STL biosynthetic pathway 
would facilitate the generation of less or zero bitterness in Cichorium. 

The first dedicated step of the pathway (Fig. 21.2) is catalysed by CiGAS enzyme 
which is encoded in the chicory genome in four gene copies of the terpene synthase 
gene family, i.e., CiGAS-S1, CiGAS-S2, CiGAS-S3 and CiGAS-L [33]. Genome and 
transcriptome analysis identified two additional CiGAS paralogs belonging to the 
same gene clade [23]. Efficient editing of the CiGAS genes was achieved by several 
approaches (Table 21.1). The interruption of all CiGAS-S/1, CiGAS-S2, CiGAS-S3 
and CiGAS-L alleles has been achieved and led to elimination of the STLs in chic- 
ory leaves and taproots [30]. The edited plants showed no other directly observable 
morphological phenotypic changes under greenhouse conditions. 

To investigate if inactivation of downstream steps in the STL biosynthetic path- 
way could modulate bitterness, genes from the CYP71 clan of the cytochrome P450 
gene family CiGAO, CiCOS and CiKLS were functionally characterized in 
Cichorium [17—20, 22, 23]. In conclusion, taken all these studies together, two 
paralogous CiGAO genes, three paralogous CiCOS genes, and three paralogous 
CiKLS genes displayed catalytic activity in the upstream STL pathway to produce 
costunolide and kauniolide. De Bruyn et al. [23] used CRISPR/Cas genome editing 
to simultaneously target multiple CYP71 genes in protoplasts of witloof, followed 
by regeneration of plants. A broad spectrum of plant genotypes containing different 
(loss of function) mutants in multiple genes were obtained. Several genotypes con- 
taining mutations in one or more paralogous CYP71 genes (CiGAO mutants, CiCOS 
mutants and CiKLS mutants) were profiled for their STL composition. The produc- 
tion of 14 out of 16 detectable STL metabolites [34] was eliminated in the mutant 
types containing a homozygous loss of function mutation in the three functional 
paralogous CiKLS genes [22, 23] as was also observed when the three CiKLS para- 
logs were edited in root chicory [17]. Other mutants only showed shifts in STL 
compounds concentrations, but no clear effects or decreases were detected. It is 
likely that the mutation effect on STL compound quantities is masked if at least one 
functional allele and/or paralog is still present. 

Studies indicate that the perception of bitterness is not only related to the 
guaianolide STL metabolite quantities and composition. François et al. [35] showed 
a strong correlation between glucose and sucrose with crunchiness and bitterness 
and a correlation between fructose and sweetness. Also the balance between STL 
compounds and phenolic compounds is described to affect bitterness [36]. So STLs 
are probably not the only metabolites to consider when aiming to modify bitterness 
in Cichorium. Cellular assays and human sensory tests should be used to link bitter- 
ness to the STL concentrations in CRISPR/Cas mutants [37]. 
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4 Genome Editing to Produce Medicinal Terpenes 
in Chicory 


The use of industrial chicory for extraction of inulin fibre is well established, with 
the chicory STLs being discarded during the purification of inulin due to their bit- 
terness. These terpenes could however be obtained from the chicory root as a sec- 
ondary product via a procedure compatible with inulin processing, yielding both 
inulin and terpenes which can be used for e.g., health applications. Depending on 
the homogeneity and quality of the terpene fraction and on the application, this frac- 
tion might need further processing. Recently, a sustainable method of terpene 
extraction from chicory taproots using supercritical CO, was established [14]. The 
socio-economic impacts of a multi-product process compared to a reference inulin 
process indicate that a multi-product process leads to higher added value and 
increased socio-economic impact compared to the reference inulin process [24]. 
Therefore, it is interesting to increase not only the inulin content of the roots by 
breeding, but also the terpene amounts. Genome editing can be used to facilitate the 
generation of chicory varieties that accumulate higher amounts of medicinal 
terpenes. 

A first example is a chicory variety with an increased accumulation of costuno- 
lide [17], which is a natural STL from the Asteraceae family and exhibits anti- 
cancer activity through its functional moiety o-methylene-y-butyrolactone that 
reacts with the cysteine sulfhydryl group of various proteins [38]. In chicory, costu- 
nolide is an intermediate in the biosynthesis of STLs and does not accumulate since 
it is efficiently converted to downstream STLs. To accumulate costunolide the 
kauniolide synthase (CiKLS) that converts costunolide to kauniolide, needs to be 
inactivated. Genome editing of the three CiKLS paralogs in chicory was performed 
by transient transfection of both plasmids and RNPs to chicory protoplasts, both 
leading to small indel mutations but only the former sometimes to unintended DNA 
integration. As a result the biosynthesis of the chicory sesquiterpenes was inter- 
rupted and costunolide accumulation was observed [17]. Interestingly, next to free 
costunolide predominantly costunolide conjugates were found to be accumulating, 
presumably mitigating the toxicity of costunolide to chicory cells. 

A second example of chicory varieties with increased medicinal compounds are 
chicory lines with increased amounts of anti-inflammatory 8-deoxylactucin and its 
derivatives [18]. 8-deoxylactucin is a natural STL of chicory that accumulates in 
chicory taproots next to lactucin and lactucopicrin, predominantly in oxalated form 
[10]. To increase 8-deoxylactucin accumulation in the taproots the gene encoding 
the lactucin synthase (CiLCS) that hydroxylates 8-deoxylactucin on position 8 to 
generate lactucin needs to be inactivated. Genome editing was used to inactivate 
three candidate cytochrome P450 genes with putative LCS activity resulting in the 
identification of one of the genes as CiLCS and generation of chicory lines that 
predominantly accumulate 8-deoxylactucin and its derivatives [18]. 

These two examples show that genome editing can be successfully applied in 
chicory to inactivate single genes or gene families, elucidating enzyme function and 
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resulting in novel terpene chemotypes. In both examples the target medicinal STLs 
in genome edited roots accumulated to the similar high amounts of total STLs as 
found in wild type roots, namely about 1.5 me/g FW. The availability of the chicory 
lines with modified terpene composition can also be used to generate more knowl- 
edge on the natural role of terpenes in chicory development and defence. 


5 Potential of Genome Editing for Chicory Breeding 


Chicory is very amenable to genome editing. Highly efficient protocols have 
recently been developed in different laboratories. Using these protocols scientific 
knowledge on chicory biology, particularly of the biosynthesis of secondary metab- 
olites was increased. Implementation of these protocols resulted in generation of 
multiple chicory lines with altered terpene profiles. These lines could have potential 
benefits for consumers (healthy terpenes, varieties with altered taste), food produc- 
ers (lack of bitter compounds simplifies inulin extraction or alternatively, bitter ter- 
penes currently discarded as waste can be used as secondary product), farmers 
(agricultural diversification), breeders (creation of new cultivars with added value), 
the environment (reduction in energy demand and greenhouse gas emissions due to 
avoiding bitter compound extraction), and the economy (higher added value and 
more jobs). 

Using the now available genome editing protocols as breeding tool, also other 
important biological processes for Cichorium breeding, e.g., male sterility, haploid 
induction, inulin quality and yield, etc., can be investigated and used to facilitate the 
long breeding process and generate novel cultivars in relatively shorter time frame 
with commercial interesting traits related to e.g., root shape, root weight, inulin 
chain length, disease resistance, bolting resistance, etc. In a broader perspective, 
genome editing can be a powerful tool to help to stimulate agricultural biodiversity 
in Europe by improving niche crops, like chicory, which have relatively little invest- 
ment leverage. In synergism with other breeding and farming methods, this is highly 
relevant for securing crop diversity and improving sustainable production while at 
the same time dealing with the challenges like that of climate change. 
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Abstract The application of precise genome editing represents an important step- 
forward in plant functional genomics research and crop improvement by generating 
tailored modifications within a target genome sequence. Among the genome editing 
technologies, the CRISPR/Cas9 system has been the most largely one applied in 
many crop species, thanks to its high customizable specificity. Tomato is one of the 
most cultivated and consumed horticultural crops worldwide and an ideal model 
plant for studying different physiological processes (e.g., plant development, 
response to biotic/abiotic stresses, fruit quality) by using different approaches, such 
as conventional breeding, classical transgenesis and genome editing technologies. 
In recent years, the number of studies on the genome editing application in tomato 
has increasingly grown, particularly for the improvement of fruit quality and nutri- 
tional value. In this chapter, we report about the main achievements provided by 
such technologies for engineering the content of nutritionally relevant compounds, 
such as polyphenols, carotenoids, vitamins, and other important phytonutrients in 
tomato fruit. 


1 Introduction 


Targeted genome engineering has emerged as an alternative to classical plant breed- 
ing and transgenic (GMO) methods to apply in both model and crop plants [1]. 
Precise genome editing provides great advantages in plant functional genomics 
research and crop improvement by generating tailored modifications at a target 
genome sequence [2]. Different genome-editing tools have been developed in the 
past decade, including zinc-finger nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENSs) and the clustered regularly interspaced palindromic 
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repeat/CRISPR-associated protein 9 system (CRISPR/Cas9). Zinc finger nucleases 
(ZFNs) and TAL effector nucleases (TALENSs) can be used to mutagenize genomes 
at specific loci, and such systems require two different DNA binding proteins flank- 
ing a sequence of interest, each with a C-terminal FokI nuclease module. However, 
in plant research community CRISPR/Cas9 system has been the most largely pre- 
ferred, thanks to its ability to reprogram the endonuclease specificity using custom- 
izable small noncoding RNAs, named single guide RNAs (sgRNAs), specific for a 
given targeted nucleic acid sequence [3, 4]. 

ZFNs, TALENs and CRISPR/Cas9 systems are able to induce site-specific 
double-strand breaks (DSBs) within the genome, generating modifications through 
homologous recombination (HR) or non-homologous end-joining (NHEJ) repair 
mechanisms [1]. HR can accurately repair DSBs using the homologous sequence 
flanking a DSB or an exogenously supplied DNA ‘donor template’ as the template. 
However, NHEJ repair is error-prone and frequently causes insertions or deletions 
(indels) around the sites of DNA breaks. In eukaryotic cells, and particularly in 
plant cells, DSBs are preferentially repaired by NHEJ mechanism, thus becoming 
the most used pathway to knockout genes in plants (e.g., via introducing frameshift 
mutation or a deletion) [5]. As preferential application, the gene knockouts can be 
implemented by using multiple sgRNAs easily assembled into a single delivery vec- 
tor (for example using Golden Gate cloning, GoldenBraid, BioBrick technology) 
[6-8], thus allowing the knockout of all the members within a specific gene family. 
The specificity of CRISPR/Cas9 is guaranteed by a perfect match between the last 
8-12 bases of the sgRNAs sequence, referred as the “seed sequence’ and the corre- 
sponding region of the target DNA (i.e., the region proximal to the 50 end of the 
PAM). Such specificity is particularly important for the cleavage efficiency target of 
Cas9 [4, 9, 10,] and to possibly limit potential off-target activities. Furthermore, the 
efficiency of CRISPR/Cas9 may be influenced by the sequence, location, context of 
the target (e.g., epigenetic factors, such as DNA methylation or histone modifica- 
tion, that might limit the DNA binding), beside the transformation efficiency. 
Unfortunately, not many crop plants are easily transformable, although new delivery 
systems (for instance, DNA-free in vitro systems consisting in the direct delivery of 
a ribonucleoprotein complex, formed by the Cas9 protein and the guide RNA) have 
been recently proposed [11, 12]. 


2 CRISPR-Cas9 System for the Nutritional Improvement 
in Tomato 


Tomato is one of the most important commercial horticulture crops cultivated and 
consumed worldwide, and an ideal model plant for studying plant stress responses, 
plant reproductive development, functional genomics, and quality improvement [2]. 
Tomato fruit is a good source of lycopene, B-carotene, phenolic compounds, and 
micronutrients [13]. Most of these phytonutrients play an important role in human 
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nutrition and significant health benefits associated with their antioxidant activities, 
beside other potential ones, such as anticancer and anti-inflammatory activities [14]. 
Therefore, different metabolic pathways and several genes encoding important 
enzymatic activities or regulatory factors can be designated as genome editing tar- 
gets, with the final aim of quality and nutritional improvement of tomato fruits. 

Together with the nutritional improvement, tomato is also a relevant challenge 
for breeders, as fruit yield or (a)biotic stress tolerance are controlled by several 
genes acting independently or in concert [15]. In the past decades, many different 
approaches have been used for improvement of tomato fruit quality and nutritional 
value, including conventional breeding and genetic modifications [14]. Such 
approaches, together with the identification of genes and alleles and their rapid inte- 
gration in elite cultivars, have been often laborious, time-consuming, and expensive, 
as the desired mutations or insertion of new allelic versions in the lines require 
several crossings along the generations [16]. The recent development of gene edit- 
ing technologies using programmable nucleases appears therefore to be a promising 
and efficient approach for both applicative and basic research involving forward and 
reverse genetics in tomato [15]. Some examples of genome editing have been suc- 
cessfully applied in tomato, by using TALENs [17], CRISPR/Cas9 systems [18- 
20], CRISPR/Cpf1 [21], Cas9 variants like dCas9 [22], or base editing (Target-AID 
technology) [15]. 


3 Genome Editing for the Improvement of Carotenoid 
Content in Tomato Fruits 


Several genes involved in carotenoid accumulation have been identified in tomato 
during the last two decades and used as target genes for genome editing applica- 
tions. Improved lycopene content has been achieved inhibiting the conversion from 
lycopene to B- and a-carotene, by knocking down different genes associated with 
the carotenoid metabolic pathway (SGR/, LCY-E, Blc, LCY-B1I and LCY-B2 genes: 
stay-green 1, lycopene 6-cyclase, f-lycopene cyclase, lycopene f-cyclase 1 and 2, 
respectively) [18]. The tomato fruits from S/SGR/ knockout null line obtained via 
CRISPR/Cas9 have showed a turbid brown color with significantly higher chloro- 
phyll and carotenoid levels than in wild-type fruits. The strong changes in pigment 
and carotenoid content resulted in the accumulation of key primary metabolites, 
such as sucrose and its derivatives, and tricarboxylic acid cycle intermediates, such 
as malate and fumarate [23]. 

In another work, a series of tomato genotypes with different fruit colors, includ- 
ing yellow, brown, pink, light-yellow, pink-brown, yellow-green, and light green, 
has been generated by CRISPR/Cas9-mediated multiplex gene editing of three fruit 
color-related genes, two of them implicated in the lycopene biosynthesis in tomato 
(PSY1 and SGRI: phytoene synthase! and stay-green!, respectively) [24]. 
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The application of the CRISPR/Cas9 system further contributed to show the con- 
tribution of PSY1 and CRTR-B2 genes in fruit and flower colors changes in tomato 
fruit due to the carotenoid pigmentation. In fact, by targeting these genes, the 
obtained edited plants showed a loss-of function yellow-like phenotype caused by 
the suppression of lycopene biosynthesis and accumulation [25]. The CRISPR/Cas9 
system has been also used to test the genome-editing efficiency by targeting the 
tomato phytoene desaturase gene (slyPDS), allowing to observe a severe albino/ 
photobleached phenotype in most of transgenic tomato seedlings [18]. 

A Target activation-induced cytidine deaminase (Target-AID) base-editing tech- 
nology has also been used to target genes related to carotenoid accumulation, such 
as tomato DNA Damage UV Binding protein I (SIDDB1), deetiolatedI (SIDET1), 
and Lycopene beta cyclase (SICYC-B) [15]. This approach resulted in the generation 
of several lines showing substitutions in each target gene, resulting in lycopene, 
B-carotene, lutein and neoxanthin increased content. Multiplexed targeted plants in 
SIDDB1, SIDET] and SICYC-B genes resulted in generation of several lines with 
improved lycopene accumulation via stacking of mutations [26]. 


4 Genome Editing for the Improvement of Polyphenol 
Content in Tomato Fruits 


Different genome editing strategies have been applied in tomato targeting the poly- 
phenol biosynthetic pathway at different levels and with different scopes. Some 
studies were aimed to better understand the regulatory genes encoding transcription 
factors modulating the polyphenol biosynthesis, in other cases the application of 
genome editing consisted in the improvement of such compounds associated with 
the enhancement of fruit quality and their benefits for human health. Zhi et al. [27] 
have investigated the anthocyanin 2 (SIAN2) transcription factor function conduc- 
ing a CRISPR/Cas9- mediated targeted mutagenesis in the purple tomato cultivar 
“Indigo Rose”. Although the fruit and the anthocyanin content were comparable 
with cv “Indigo Rose”, the S/AN2 tomato mutants resulted in lowered gene expres- 
sion related to anthocyanins biosynthesis in the vegetative tissues. By using the 
genome editing approach, this study therefore provides a proof-of-concept that 
SIAN2 regulates the anthocyanin biosynthesis in tomato vegetative tissues and that 
anthocyanin biosynthesis differs in terms of regulatory mechanisms between coty- 
ledons and hypocotyls [27]. In another study, the CRISPR/Cas9 system was applied 
to generate pink-fruited tomato plants by disrupting the SIMYB/2 gene in different 
inbred lines [19]. Different homozygous, heterozygous, biallelic and chimeric 
mutants carrying the deletion in SIMYB12 were obtained among the TO regeneration 
plants and carrying different types of mutations, including an expected large dele- 
tion in the target site. T1 progeny obtained by self-pollination of three large-deletion 
mutants exhibited pink fruits and y-like colorless peels, with naringenin chalcone 
and transcript levels of two key biosynthetic enzymes (CHS1 and CHS2) 
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significantly reduced. Changes in the fruit color and naringenin chalcone levels 
have been also observed following a CRISPR/Cas9-mediated multiplex gene edit- 
ing involving SIMYB12 gene together with other genes implicated in carotenoid 
biosynthesis (PSY and SGR1). Among the different colored fruits obtained with this 
strategy, the tomato myb12 single mutants exhibited the expected pink color, 
whereas the psy myb12 double mutant displayed a light-yellow fruit color, myb12 
sgrl double mutants a pink-brown color and the psy myb12 sgr1 triple mutant a 
light green color, suggesting a key role for SIPSY and SISGR1 in the carotenoid 
metabolism and SIMYB12 gene in polyphenol metabolism [24]. Different genome 
editing approaches have been applied to improve the polyphenol content in tomato, 
with a particular focus on anthocyanin biosynthesis. Gene targeting genes involving 
anthocyanins biosynthesis has implied a double advantage, represented by either a 
technical visual screen to facilitate the selection of targeting events, or the nutri- 
tional improvement of tomato fruits as anthocyanins carry benefits for human 
health. In their study, Cermak and co-workers [17] used TALENs and CRISPR/ 
Cas9 systems to target SIANT/ gene and introduce the 35S promoter by homolo- 
gous recombination (HR) for inducing gene over-expression. In order to deliver 
sufficient donor template, geminivirus-based DNA replicons were generated to 
achieve high frequency, targeted modification in tomato plants. The obtained 
mutants showed dark purple coloration in flowers, fruit and foliage resulting from 
the expected targeted promoter insertion and from the boosted anthocyanin biosyn- 
thesis [17]. By using a multi-replicon system equipped with CRISPR/LbCpf1, Van 
Vu and collaborators [21] also applied a HR-base genome editing of tomato ANTI] 
gene, obtaining purple plants and fruits enriched in anthocyanins. In another study, 
the tomato DFR gene was chosen for a targeted transgene insertion using CRISPR/ 
Cas9 in a two-step strategy. The first step consisted of a targeted deletion within the 
endogenous DFR gene, resulting in green plantlets (instead of the usual purple 
color), and the second step consisting of an HR-mediated insertion in the dfr dele- 
tion to restore the original gene function. Following such insertion, the regenerating 
plantlets recovered a purple color phenotype, indicating that DFR function was 
regained [28]. 


5 Genome Editing for the Improvement in Vitamins 
and Other Phytonutrients in Tomato Fruits 


Highly efficient CRISPR/Cas9 systems have been also employed for metabolic 
engineering of other important micronutrients in tomato. One example is repre- 
sented by the 7-dehydrocholesterol reductase (7DR2) gene targeting that allowed 
the increase the level of provitamin D3 in tomato. Leaves and fruits — especially the 
green ones — from the homozygous mutant lines showed increased levels of 
7-dehydrocholesterol (7DHC), and reduced levels of «-tomatine. 7-DHC content 
was lower in ripe fruits but high enough compared to wild-type tomato fruits, and 
sufficient to be equivalent to that in two medium-sized eggs, if converted to vitamin 
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D3 by UVB treatment [20]. Genome editing can therefore support food nutritional 
security and help to develop novel foods enriched in vitamins to be easily consumed 
and directly address vitamin deficiency in susceptible individuals, as in this case of 
tomato fruits representing a good vitamin D source. 

Another example in which genome editing can implement food nutritional qual- 
ity is represented by the enhancement of soluble sugar content in tomato by target- 
ing the invertase inhibitor and vacuole processing enzyme (SIINVINH] and SIVPE5) 
genes. By knocking down these two genes implicated in inhibition of soluble sugar 
accumulation, the glucose, fructose and total soluble solid contents were improved 
compared to wild-type tomato fruits, with a synergistic effect when the two genes 
were simultaneously knock-out and providing a key strategy to improve the sweet- 
ness in tomato fruits and related byproducts [29]. 

Finally, another important example of genome editing for phytonutrient improve- 
ment is the CRISPR/Cas9 application to increase GABA content in tomato fruits. 
By targeting five genes (GABA-TP1, GABA-TP2, GABA-TP3, CAT9, SSADH: 
gamma-aminobutyrate transaminase subunit precursor isozyme 1, 2 and 3, cationic 
amino acid transporter 9, succinate semialdehyde dehydrogenase, respectively), 
several editing events were obtained in different tomato mutants, displaying signifi- 
cant increases in GABA accumulation, especially in the leaves, and different gluta- 
mate contents significantly variable among the GABA mutants [30]. However, since 
GABA represent a signal molecule involved in various physiological processes, the 
GABA mutants presented vegetative growth and flower/fruit setting severely 
affected [30]. Similar results, including suppression of plant growth, flowering and 
fruit yield, were obtained by CRISPR/Cas9-mediated gene targeting of autoinhibi- 
tory domains in SIGAS2 and SIGAD3 genes [31]. By introducing a stop codon 
before such autoinhibitory domains, the GABA accumulation was dramatically 
increased in tomato fruits, with variable effects on the mutated plants [31]. 


6 Conclusions and Future Perspectives 


The use of genome editing technologies offers an effective strategy to ameliorate 
agronomic and quality fruit traits bypassing the conventional breeding programs 
and transgenic approaches causing some ethical problems in the public acceptance 
[32]. Transgene-free genome editing provide a promising alternative to rapidly 
innovate germplasm and possibly introduce new traits for agrobiodiversity. The 
above presented studies in the tomato model represent examples of how different 
genome editing technologies can be easily applied for the improvement of carot- 
enoids, polyphenols, and other important phytonutrients with valuable benefits for 
human health. Even though many progresses have been achieved in comparison to 
other crops (for example those recalcitrant to plant transformation), more efforts are 
still required to efficiently target other genes involved in tomato fruit quality and 
nutritional value, and to overcome the barrier of gene activation/overexpression, 
system deliveries, and high-throughput screening of the novel mutant lines. 
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Chapter 23 A) 
Breeding for Yield Quality Parameters gei 
and Abiotic Stress in Tomato Using 

Genome Editing 


Pedro García-Caparrós 


Abstract Growing tomatoes is an important aspect of agriculture around the world 
because of the positive effects it has on people’s health and the economy. Tomato 
breeders and growers have always been inspired by the market’s insatiable desire 
for high-yielding and high-quality tomatoes. Crop production, yield, and quality are 
all negatively affected by abiotic stress, which includes factors like drought, salinity, 
heat, and cold. As climate change alters weather patterns throughout the world, 
farmers around the world are increasingly worried about the effects of abiotic stress 
on their tomato crops. The CRISPR/Cas9 gene-editing tool has attracted attention as 
an alternative for solving the need for high-yield and superior-quality tomatoes, as 
well as for managing abiotic stress in tomato plants. This method of gene editing 
offers new possibilities for the development of stress-tolerant tomato varieties. The 
present book chapter provides a comprehensive review of the current knowledge on 
CRISPR/Cas9 and its potential implications in tomato agriculture, with a particular 
emphasis on enhancing yield quality and conferring resistance to abiotic stresses. 
The CRISPR/Cas9 technology has the potential to enhance the taste, appearance, 
and nutritional value of tomatoes by accurately altering the genes responsible for 
flavor, color, aroma, and nutrition. The previously mentioned condition could end 
up in the cultivation of tomatoes that exhibit heightened levels of sweetness, as well 
as elevated concentrations of crucial vitamins, minerals, and antioxidants. The 
application of CRISPR/Cas9-mediated modifications has the possibility to augment 
the plant's capacity to endure abiotic stress conditions through the introduction of 
genes implicated in different pathways that contribute to enhanced resilience to 
such challenging surroundings. In conclusion, the use of CRISPR/Cas9 offers an 
intriguing chance for improving tomato farming through the enhancement of crop 
quality and yield, as well as the strengthening of tomato plants against adverse abi- 
otic conditions. 
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1 Introduction 


The fruit of the tomato plant (Solanum lycopersicum Mill.), which is a multicarpel- 
lar berry, has emerged as the model species for fleshy fruits as a consequence of 
specific advantages for use in agronomic research along with basic research [1]. 

The tomato plant is a diploid organism that comprises 12 chromosomes and has 
a genome approximately 950 Mb in size. Because of the outstanding nutritional 
value of the plant and the plethora of beneficial industrial products capable of being 
derived from it, it is one of the most significant horticultural crops grown worldwide 
[2]. It is forecasted that the global tomato production, which was 41.52 million tons 
in 2020, will expand to 51.93 million tons in 2026 based on the universal scenario 
of tomato production [3]. 

Despite the fact that tomatoes have the potential to provide significant nutrition 
and income opportunities, it is crucial to address all possibilities associated with the 
application of genetic engineering to assure the feeding of the worldwide popula- 
tion as well as tomato growers’ benefits. Consequently, CRISPR/Cas9 is a robust 
genome editing tool that enables researchers to make targeted and precise changes 
to DNA sequences in a relatively short period of time when compared to conven- 
tional breeding techniques. 

The CRISPR/Cas9 system is a canonical genome editing system that consists of 
a shortened synthetic guide RNA (gRNA) sequence of 20 nucleotides that generates 
a complex with the Cas9 nuclease and guides it to a specific DNA sequence, in 
which it inserts a double-stranded break (DSB) [4]. Targeted genome editing (GE) 
technologies, particularly clustered regularly interspaced short palindromic repeats 
(CRISPR)/(CRISPR-associated protein 9) (Cas9), have the ability to yield elite cul- 
tivars with higher resistance to biotic and abiotic stress [5]. 

CRISPR/Cas9 is also exceptional due to its versatility and adaptability, which 
enables more precise editing of an organism’s own genes, making it a more natural 
and effective method for achieving desired characteristics [6]. Moreover, the sim- 
plicity and low cost of this technique compared to cumbersome and less precise 
conventional engineering techniques based on the introduction of foreign genes into 
an organism’s genome aiming to achieve desired traits led us to compile in this book 
chapter the most recent studies based on the application of this system (CRISPR- 
Cas9) in tomato for the enhancement of yield quality and abiotic stress resistance. 


2 CRISPR/Cas9 Gene Editing: Unlocking the Potential 
to Boost Tomato Yield and Quality 


There are several external and internal factors to consider when assessing the stan- 
dard quality of tomatoes. The output, quality, marketability, plant health, and timing 
of tomato production are all influenced by the plant’s ability to set and mature fruit. 
Tomatoes’ yield and quality, as well as their marketing success, are directly tied to 
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how well these phases are handled [7]. The fruit size, color, and texture or firmness 
of fruit (external factors) have also an important impact in consumer preferences, as 
consumers prefer fruits those are visually appealing as well as having uniform color, 
size, and texture. Nonetheless, internal fruit quality parameters, such as taste, sweet- 
ness, nutraceutical properties, and the presence of bioactive compounds (lycopenes 
and carotenoids), are gaining importance among consumers [8]. A schematic over- 
view of the different points explained appears in Fig. 23.1. 


2.1 Fruit Set and Ripening Period 


In tomato plants, the fruit set process is essential to ensure an adequate yield. 
Nevertheless, this physiological stage is widely affected by various factors includ- 
ing genetics, environment, and plant hormones [9]. A high fruit set results in a larger 
number of marketable tomatoes, which increases tomato growers’ production and 
profits. In the tomato industry, the maturing period also influences the timing of 
harvesting and logistics. 

For instance, Guo et al. [10] worked with CRISPR-Cas9-mediated SICMT4 
mutants aiming to improve the fruit set in tomato. The gene SICMT4 (Solanum 
lycopersicum CAFFEIC ACID O-METHYLTRANSFERASE 4) is involved in the 
biosynthesis of lignin and also participate in the fruit set process. The loss of func- 
tion of mutated plants resulted in defective stamens and pistils, small fruit size with 
reduced setting rate, demonstrating the crucial role of this gene in reproductive 
organs in tomato. 
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Tomato ripening is indeed a carefully orchestrated process of growth that aligns 
with seed maturation, and its modification through genetic engineering is of great 
importance because it affects fruit quality attributes such as taste and texture, nutri- 
tional value, and shelf life [11]. Using CRISPR/Cas9, Gao et al. [12] overexpressed 
the SINAMI locus in tomato plants. This gene governs the ethylene generation and 
fruit maturing processes in tomato plants. The overexpression of SINAMI did result 
in an earlier onset of fruit maturation, as well as quicker softening and color changes, 
in comparison with control plants. 

SINAC9 is a NAC transcription factor implicated in several physiological pro- 
cesses as well as in pigment metabolism in tomato fruit. The loss of function in 
SINAC9 tomato mutants generated by genetic engineering (CRISPR/Cas9) resulted 
in exhibited delayed fruit ripening and reduced accumulation of carotenoids, which 
are important pigments that contribute to the color and nutritional quality of tomato 
fruit [13]. Similarly, Gao et al. [14] investigated the role of the tomato SINAC4 
(NAC transcription factor) gene in fruit maturation. Using the clustered regularly 
interspaced short palindromic repeats genomic targeting system (CRISPR/Cas9), 
overexpressed tomato mutant plants displayed differences in fruit texture, deferring 
the onset of softness, in contrast to the wild type or the control treatment. 

The RIN gene, which encodes a MADS-box transcription factor, is activated late 
in tomato fruit development and boosts the transcription of genes that produce the 
ripening hormone ethylene [15]. Due to the potential impact of RIN gene mutations 
on tomato fruit ripening, Ito et al. [16] used CRISPR/Cas9 to generate RIN gene 
knockout mutants in tomato, and reported that the mutant fruits ripened more slowly 
and generated less ethylene than the control treatment. Similarly, using CRISPR/ 
Cas9 technology, Jung et al. [17] created mutant tomato plants with LEMADS-RIN 
knocked out. The mutant fruits matured later than wild-type fruits and produced less 
ethylene. The mutant fruits also had decreased gene expression associated with eth- 
ylene synthesis. 

Both FUL1 and FUL2 are considered to be homologous evolutionarily conserved 
in tomatoes. Both of these proteins are members of the MADS-box transcription 
factor family. They perform a crucial role in the management of the ripening of the 
fruit as well as the development of the flowers in tomato plants. The creation of 
double knockout mutants for these two homologous proteins using CRISPR/Cas9 
slowed down the ripening of the fruit by inhibiting ethylene synthesis as well as 
decreasing the accumulation of carotenoid [18]. 

Lin et al. [19] evaluated the role of SIMIR164A (a microRNA gene involved in 
regulating fruit ripening and quality by influencing the expression of two target 
genes, SINAM2 and SINAM3) in tomatoes. Researchers discovered that by silenc- 
ing this particular microRNA gene in tomato plants, they were capable of accelerat- 
ing fruit ripening and enhance fruit nutritional quality by boosting the content of 
soluble sugars and acids. 
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2.2 Fruit Size 


Fruit size is an important quality parameter for tomatoes, as it can impact factors 
such as yield, appearance, and taste [20]. It is also an important trait for tomato 
growers since determines the profitability of their crops. The packing and presenta- 
tion of tomatoes are also impacted by their size. Breeding programs in tomato are 
focused on this aspect and in the literature, there are many references based on the 
improvement of this parameter [21, 22]. The methodology of CRISPR/Cas9 has 
been widely used in the improvement of this parameter in tomato fruit as it showed 
in the different references explained. For instance, Cui et al. [23] investigated the 
role of the tomato CONSTANS-LIKE 1 (SICOL1) protein in regulating fruit yield 
in tomato plants. CONSTANS-LIKE proteins are transcription factors involved in 
the regulation of the flowering time and reproductive development of plants. The 
loss of function or the overexpression of the gene studied showed a high positive 
correlation with the fruit development and size. 

The GLOBE gene is a major gene responsible of the shape of the fruit in tomato 
plants. The GLOBE gene is located on chromosome 2 in the tomato genome and 
encodes a transcription factor that regulates cell division and expansion during fruit 
development [24]. The loss of function of Solyc12g006860 generated via CRISPR/ 
Cas9 showed that other fruit shape attributes were negatively affected while fruit 
size showed a positive answer [25]. 

BZR1-like transcription factor, BZR1.7 is a determinant trans-acting factor of 
the SUN gene promoter responsible of the tomato fruit elongation. Yu et al. [26] 
investigated the role of this TF in tomato plants generating overexpressing lines via 
CRISPR/Cas9 and they noted that in edited plants with overexpression of BZR1.7, 
tomato fruits were longer compared to control plants. 


2.3 Fruit Color 


The color of tomato fruit is an important quality attribute that affects consumer 
preference and marketability. Tomatoes are available in a range of colors including 
red, orange, yellow, green, and purple, and each color has unique flavor and nutri- 
tional characteristics [27]. For instance, Yang et al. [28] targeted three fruit color- 
related genes (PSY1, MYB12, and SGR1) to develop tomato genotypes via 
CRISPR/Cas9 with different fruit colors ranging from light green, brown and also 
pink-brown. The findings reported by these researchers is of interest to the tomato 
industry since they provide a strategy to obtain transgene-free plants with different 
colored fruits in less than | year. 
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2.4 Fruit Firmness 


Fruit firmness is an important parameter for determining the quality and shelf life of 
tomato fruits. The firmness of the fruit is dependent on the chemical composition of 
the cell wall. In tomato fruits there are three types of polysacharide involved: cel- 
lulose, hemicellulose being the most abundant xyloglucan; and pectins [29]. 
Consumers prefer tomatoes with a firm and crisp texture because they perceive them 
to be more appealing and fresher. Tomatoes with a firm texture provide a pleasant 
and satisfying eating experience. Conversely, tomatoes with low firmness may be 
perceived as overripe, watery, or inferior. 

In order to comprehend and exert some level of control over fruit tomato soften- 
ing, it is imperative that the transcription factors (TFs) that regulate the process be 
identified and characterized. In this sense, by using CRISPR/Cas9 to silence the 
NOR-likel (NAC Transcription factor) (Solyc07g063420) gene in tomato plants, 
Gao et al. [30] were able to create fruit with decreased ethylene generation, increased 
firmness, and decreased lycopene and other ripening-related compound levels. The 
result was a two-week delay in ripening compared to the control treatment. 

In their study, Nie et al. [31] generated two mutants with over and down expres- 
sion of CR-SINAC4 (transcription factor involved in the softening of tomato) via 
CRISPR/Cas9. In both mutants, there was a strong effect of tomato fruit softening 
compared to the control fruit. The study also showed that SINAC4 regulates the 
expression of several genes involved in fruit ripening and softening, including pec- 
tinases and cell wall-modifying enzymes. 

Wang et al. [32] noted that SIXTH5, a member of the xyloglucan endotransglu- 
cosylase/hydrolase (XTH) gene family, plays a critical role in tomato fruit softening 
since xyloglucan is the most dominant hemicellulose in tomato fruits. Knockout 
mutants of SIXTH5 generated via CRISPR/Cas9 reduced fruit firmness and color 
index compared to control fruits. 

SIBES 1 transcription factor plays a crucial role in regulating tomato fruit soften- 
ing. In this sense, Liu et al. [33] reported that knockout mutants of SIBES1 had 
firmer fruits with reduced pectin degradation compared to wild-type plants. 
Moreover, the increase in firmness in tomato fruits also improved the shelf life in 
the postharvest. 


2.5 Fruit Taste and Sweetness 


Taste is an important feature of tomato fruits and is linked to a complex interplay of 
factors such as sugar content, acidity, aroma, texture, and other chemical com- 
pounds. The taste of tomatoes is crucial in the consumer preference and purchase 
decisions, and therefore should be of high relevance in tomato breeding programs. 
Nevertheless, the improvement of this feature has been replaced by other factors 
such as fruit ripening, fruit size, etc. [34]. 
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FLORAL4 gene is responsible for the production of several important floral 
aroma volatiles such as 2-phenylethanol, phenylacetaldehyde and I-nitro-2- 
phenylethane in tomato fruit. The study conducted by Tikunov et al. [35] reported 
that generating mutants of FLORAL 4 gene via CRISPR/Cas9 the floral aroma and 
overall flavor of commercial tomato fruit was severely affected. 

Brix is a measure of fruit’s sweetness and in the case of tomato is dependent of 
several factors such as cultivar, growing conditions or the stage of ripeness at which 
the tomato is harvested [36]. This important trait in tomato fruit quality has been 
improved via CRISPR/Cas9 in different experiments. For instance, Nguyen et al. 
[37] investigated the effect of targeted mutations via dual-gRNAs CRISPR/Cas9 
system in uORF regions of the SIbZIP1, a gene involved in the sucrose-induced 
repression of translation (SIRT) mechanism. Tomato plants with disrupted bZIP1 
uORFs had significantly higher levels of sugars and amino acids in their fruits 
compared to control plants. Moreover, these changes in metabolic pathways were 
associated with changes in the expression of several other genes involved in sugar 
and amino acid metabolism. Regarding the enhancement of the sweetness in tomato 
fruit, there are other references about CRISPR/Cas9 system design such as modifi- 
cation of SIINVINH1, a cell-wall invertase inhibitor resulting in tomatoes with a 
high sugar content without a reduction in fruit weight or plant growth [38] or the 
loss of function in SIVPES, a vacuolar processing enzyme involved in sugar 
accumulation, in which tomato mutant lines increased soluble sugar content 
in fruit [39]. 

The brachytic phenotype (BR) in tomato is characterized by a reduction in plant 
height and increased compactness, which can be beneficial for certain agricultural 
applications. Lee et al. [40] found that tomato plants carrying the mutant FPF1 
allele (Solyc01g066980) had a significant reduction in plant height although they 
produced fruits with better quality parameters such as higher size, increase in total 
soluble solids (°Brix) favoring them the commerciality of the tomato fruit. 


2.6 Bioactive Compounds in Fruits 


Lycopene is a natural pigment responsible for the characteristic red color of toma- 
toes and is also a power antioxidant with many benefits for human health, therefore 
tomato breeding programs are currently also focused on the enhancement of the 
synthesis of this pigment [41]. For instance, in one study, Li et al. [42] used CRISPR/ 
Cas9 gene editing technology to simultaneously target five genes involved in the 
carotenoid metabolic pathway in tomato plants. By introducing mutations in these 
genes, the researchers were able to increase the levels of lycopene in tomato fruit 
about fivefold. 


402 P. García-Caparrós 


3 Empowering Tomato Crop Resilience: CRISPR/Cas9 
for Abiotic Stress Adaptation 


Abiotic stresses are complex in their nature and controlled by networks of different 
factors (e.g., genetic and environmental) that impede crop plant breeding strategies, 
therefore the use of the most novel genes editing technologies emphasizes the 
importance of this task [43]. 

The incidence of crop losses resulting from adverse environmental conditions 
has steadily increased over recent decades, attributable to both climate change and 
human activities. The intricate nature of abiotic stresses is governed by a multitude 
of factors, including genetic and environmental influences, which pose significant 
challenges to crop plant breeding strategies. As a result, the utilization of cutting- 
edge gene editing technologies is of the utmost significance. The implementation of 
CRISPR/Cas9 technologies is expected to facilitate plant genetic transformation, 
thereby improving resistance to various abiotic stresses [4]. 

In this section, we shall focus on the most recent publications of genome edited 
tomato generated via CRISPR/Cas9 with improved resistance to the main following 
abiotic stresses: salinity, drought, heat and chilling conditions. A schematic over- 
view of the different points explained appears in Fig. 23.1. 


3.1 Salt Stress 


Salinity is considered to be a significant abiotic stressor for plants, causing consid- 
erable harm [44]. According to a recent publication by Hassani et al. [45], the esti- 
mated area of salt-affected soils in Europe is 24 Mha, which accounts for 
approximately 2.05% of the total worldwide salt-affected area of 1171.8 Mha. 
In light of these numbers, it is clear that developing via genetic engineering salt- 
tolerant varieties of most crops, and notably tomatoes, which are only moderately 
robust to salt stress, is a priority. The development of these salt tolerant cultivars 
allows the cultivation of tomato in soils moderately saline and also reduces the dam- 
ages caused by salt stress in this crop. In this sense, we will be focusing on the most 
recent research that were carried out in tomato using the CRISPR/Cas9 system. For 
instance, Ding et al. [46] identified an uncharacterized gene named SIABIG1 from 
tomato, which they identified to be essential for salt tolerance and to be a compo- 
nent of the HD-ZIP II subfamily. The CRISPR/Cas9-generated knockout mutant 
exhibited higher salt tolerance, enhanced photosynthetic efficiency, reduced ROS 
generation, as well as improved Nat exclusion efficiency. On the other hand, the 
study conducted by Tran et al. [47] attempted to boost tomato plants’ resistance to 
salt. Here, they used CRISPR/Cas9 to generate SIHyPRP1 (hydrid proline-rich pro- 
tein | gene) knockout mutants to investigate the effect of salt tolerance. The data 
showed that the modified plants were more resistant to salt, with higher rates of 
survival and enhanced growth throughout the face of salt stress. 
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3.2 Drought Stress 


The impact of drought stress on crop growth, development, and productivity is a 
noteworthy environmental factor. It occurs when there is an inadequate supply of 
water to meet the demands of crops, leading to soil moisture deficit and plant water 
stress. Comprehending the impact of drought stress in crops and employing genetic 
engineering to develop more resilient cultivars could aid in alleviating its effects and 
ensuring sustainable crop production amidst the altering climate patterns [48]. The 
susceptibility of tomatoes to water deficit is attributed to their high-water require- 
ments and shallow root systems. Consequently, the development of modified geneti- 
cally cultivars with improved drought resistance is imperative at present [49]. The 
development of these drought resistant cultivars is positive for the growers of tomato 
since they must invest in supplementary irrigation systems or water resources to 
combat water scarcity. Numerous recent examples in the literature demonstrate the 
generation of cultivars with increased tolerance to drought stress through the utiliza- 
tion of CRISPR/Cas9 technology. For instance, the drought tolerance of tomato 
plants cv. Alisa Craig was evaluated by Li et al. [50] using CRISPR/Cas9-mediated 
mutation of the SINPR1 gene. This gene mutation reduces plants” resistance to 
water stress in different aspects such as increased stomatal conductance, generation 
of lipid peroxides and the higher susceptibility to oxidative damage linked to the 
lower levels of antioxidant enzymes. Similarly, Using CRISPR/Cas9, Chen et al. 
[51] created SIARF4 knockout mutants to investigate the physiological responses 
to drought stress in tomato plants in comparison to wild-type plants. The results 
indicate an improvement in the growth and water status of mutant tomato plants. 
In addition, arf4 mutants exhibited increased photosynthetic efficiency, decreased 
oxidative damage, increased antioxidant enzyme activity, and the upregulation of 
numerous stress-responsive genes. 

Tomato’s sensitivity to drought was examined by Liu et al. [52] who hypothe- 
sized that SILBD40, a lateral organ boundaries domain transcription factor, was 
responsible for it. Using CRISPR/Cas9, they established mutant lines of tomato 
with a loss of function of the SILBD40 gene, and those plants showed enhanced 
resistance to drought compared to the wild type. The mutants were more capable to 
deal with drought conditions, as seen through their delayed withering, reduced 
water loss rate, and higher survival rates. 

Wang et al. [53] created two independent T1 mutant lines with the loss of func- 
tion of the gene SIMAPK3 using CRISPR/Cas9 in order to compare their drought 
tolerance to that of the wild type. This study emphasizes the importance of MAPKs 
(mitogen-activated protein kinases) as crucial signaling components in plant 
responses to multiple stresses, including drought stress. The biochemical analysis 
revealed that the knock-out mutants displayed earlier wilting, increased H,O, pro- 
duction, and decreased scavenging of reactive oxygen species, resulting in increased 
membrane damage. 


404 P. García-Caparrós 


3.3 Heat and Cold Conditions 


Environmental factors such as heat and cold stress can have a significant impact on 
crop growth, development, and yield [54]. The ongoing climatic changes have 
resulted in frequent episodes of extreme heat or cold waves which dramatically 
affect the yields of crops, sometimes leading to their death. As a result, genetic 
engineering solutions are increasingly being recognized as appropriate way of deal- 
ing with this issue. Regarding CRISPR/Cas9 in tomato to counteract these abiotic 
stresses it can be highlighted in the recent studies. In the case of heat stress, Wang 
et al. [55] generated overexpressed mutants for the gene SIGRXS1 by activating the 
transcription factor S)WWRKY3, which confers thermotolerance to tomato. Mutant 
tomato plants exhibited more ROS scavenging and less oxidative damage relative to 
their wild type counterparts. This research has confirmed that SIGRXS1 and 
SIWRKY3 act together to enhance the stress response network in tomato plants 
when they are subjected to high temperatures. 

Due to its osmoprotectant properties, the capacity to maintain the cellular water 
status, the reduction in the synthesis of reactive oxygen species (ROS), and the 
regulation of gene expression, sucrose can play a crucial role in heat-stressed plants 
[56]. Zhang et al. [57] opted to investigate Sucrose phosphate synthase (SPS), a key 
rate-limiting enzyme in the sucrose synthesis pathway in crops. The researchers 
reported that the gain or loss of function of a novel gene (SISPS) conferred increased 
or decreased thermotolerance to tomato plants, making them more or less suscepti- 
ble to heat stress. 

To suppress SIMAPK3 expression in tomato plants, Yu et al. [58] adopted 
CRISPR/Cas9 gene editing technology. The wild-type and mutant tomato plants 
were then subjected to heat stress. The thermotolerance of the edited plants com- 
pared to WT was confirmed by their survival in temperatures ranging from 25 to 
45°. Under heat stress circumstances, the mutant plants survived longer and devel- 
oped more successfully while minimizing the synthesis of potential reactive oxygen 
species (ROS). 

The purpose of the study by Huang et al. [59] was to identify the function of the 
BAG9 gene in tomato heat tolerance. Tomato mutants (bag9) were able to withstand 
higher temperatures after overexpressing this gene using CRISPR/Cas9. Increased 
antioxidant enzyme activity and heat sock protein synthesis also resulted from this 
shift in higher gene expression in tomato plants. 

As far as chilling conditions is concerned, Li et al. [60] generated CRISPR/Cas9 
mutant tomato plants for the SICBF1 gene aiming to develop a greater awareness of 
the tomato’s chilling tolerance. The authors emphasize the important role of the 
CBF (C-repeat binding factor) genes in regulating plant responses to chilling stress, 
focusing in particular on the SICBF1 gene, which is a known key regulator gene of 
chilling tolerance in tomatoes. The loss of function resulted in diminished physio- 
logical and biochemical responses of tomato plants to chilling stress, including 
altered levels of stress-related hormones such as jasmonic acid and abscisic acid. 
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Non-expresser of pathogenesis-related genes 1 (NPR1) is known for its role in 
crop resistance to diseases, but its function in cold-adapted tomato plants was inves- 
tigated by Shu et al. [61]. It was found that CRISPR/Cas9-obtained tomato knock- 
out mutants exhibited more cold stress tolerance than their wild-type counterparts, 
as evidenced by lower oxidative damage, higher antioxidant enzyme activity, and 
greater development of the plants. 


4 Conclusion and Future Perspectives 


This manuscript presents intriguing future prospects for the application of CRISPR/ 
Cas9 technology to enhance tomato quality and abiotic stress resistance. Further 
investigation of the molecular mechanisms and pathways involved in tomato quality 
and abiotic stress response could yield important insights. Using functional genom- 
ics and systems biology approaches, such as transcriptomics, proteomics, and 
metabolomics, could reveal the complex molecular networks and regulatory mecha- 
nisms governing these traits, leading to a greater understanding of how CRISPR- 
mediated modifications affect tomato quality and stress tolerance. Future research 
might explore the concurrent editing of multiple genes aiming to improve tomato 
traits in a more comprehensive way. Combining genetic modifications for enhanced 
flavor, increased nutritional value, and enhanced stress tolerance, for instance, could 
result in the creation of tomatoes with superior overall quality and resilience. 
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Weeds 
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Abstract In contrast to most autotrophic plants, which produce carbohydrates 
from carbon dioxide using photosynthesis, parasitic weed plants rely on host plants 
to form vascular connections through which they withdraw the required nutritive 
resources and water. Many important crop plants are infested by these heterotrophic 
plants leading to tremendous yield losses and rendering agricultural lands unculti- 
vable. The parasitic weeds are physically attached to the host plants and therefore 
their control is challenging due to the lack of selective methods for killing the weeds 
without damaging the host crop. Fortunately, many host plants have pre-haustorium 
resistance, host initiation responses and post-attachment tolerance to these parasitic 
weeds. However, parasitic weeds have high fecundity, dispersal efficiency, and per- 
sistent seed storage in the soil all of which enable them to adapt to new hosts and 
break down the crop resistance. Recent discoveries in genome editing and gene 
silencing-based technologies open new opportunities to enhance crop resistance to 
parasitic weeds. Some genome editing-based studies targeting the seed germination 
of parasitic weeds created almost complete resistance in crop species. In this chap- 
ter, we give an overview of the host-parasitic interaction and host defence responses 
that can be targeted by genome editing or gene silencing technologies. 
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1 Introduction 


Plants are autotrophic organisms using light as energy to convert inorganic carbon 
into carbohydrates by photosynthesis. However, some plants have evolved special- 
1zed organs (haustorium) to attach and form vascular connections with autotrophic 
plants to absorb their water and nutrients. This heterotrophic lifestyle is used by 
parasitic plants/weeds and has a profound negative impact on many agriculturally 
important crops, forests and whole dynamics of ecological systems [1]. Parasitic 
plants could be grouped as facultative or obligatory according to their dependency 
on the host. Facultative parasitic plants (hemiparasitic) have their own chlorophyll 
and can complete their life cycle independently of a host. However, if there is an 
available host plant to obtain nutrients and water with less investment in the assimi- 
lation system, they become parasitic. Obligate parasitic plants (holoparasites) lack 
chlorophyll and they depend completely on their hosts for seed germination and 
survival. Parasitic plants can also be separated as root feeders or shoot feeders based 
on the invaded host tissue. Depending on their vascular connections with their host, 
they could be xylem feeders, phloem feeders, or both [2]. 

Parasitic plants in lower diversified agricultural systems can cause tremendous 
yield losses rendering agricultural lands uncultivable [3]. Traditional control meth- 
ods such as hand weeding and herbicide treatment are too expensive and labour- 
intensive to regulate parasitic plant infestations in crops. These methods also are 
ineffective due to the tight physiological connection between the host and the para- 
sitic weed and the re-emergence of parasitic plants after damaging of the host. 
Parasitic plants generally produce plentiful small seeds contaminating the soil or the 
crop seeds before parasitism is established. The seeds of parasitic plants remain 
viable in the dormant state for many years and germinate after receiving the host 
signals [4]. 

Reducing the impact and spread of parasitic weeds on crops and agricultural 
production requires an understanding of the molecular machinery behind the inter- 
actions between the parasite and the host plants. Pre and post-attachment as well as 
haustorium initiation resistance mechanisms in specific cultivars, mutants, or spe- 
cies have been identified and many host metabolites required for the germination of 
parasitic weed seeds have been identified. The availability of whole-genome 
sequences and transcriptomes of several parasitic plants facilitated the investigation 
of genes responsible for host—parasite interactions, and the identification of the 
genes involved in resistance or susceptibility responses of crops [5-7]. All this 
knowledge can be used to enhance resistance in crop species to these weeds by 
deploying molecular breeding and advanced genome editing strategies. In this chap- 
ter, we provide a comprehensive overview of new genome editing or gene silencing- 
based approaches applied to crops to enhance parasitic weed resistance and their 
prospective applications on the molecular mechanisms involved in host-parasitic 
weed interaction. 
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2 Genome Editing-Based Strategies Used to Enhance 
Parasitic Weeds Resistance in Crops 


Many agriculturally important plants are attacked by specific parasitic plants, which 
induces a host defence response to inhibit the attachment of parasitic weeds or 
reduce the infestation. Based on whether the resistance mechanism functions before 
or after parasitic plants attach to their hosts, resistance responses can be classified 
as pre-haustorium resistance, haustorium initiation resistance or post-attachment 
resistance [8]. In addition to the classical transgenic approach, newly discovered 
biotechnological strategies (RNAi, VIGS and CRISPR) have been implemented to 
develop a high level of crop resistance to parasitic weeds in recent years [9-11]. In 
the review, we grouped these studies according to their target resistance mechanisms. 


2.1 Genome Editing for PreeHAUSTORIUM Resistance 
in Crops 


The discovery of some terpenoid lactones in crops such as strigolactones (SLs) and 
sesquiterpene lactones (STLs), [11, 12] is a milestone in understanding the interac- 
tion between parasitic weeds and their hosts. Secondary metabolites synthesized by 
host roots in trace amounts have several important physiological processes in host 
plants from shoot branching to arbuscular mycorrhizal symbiosis. Terpenoid lac- 
tones were then realized to be also the germination stimulants for several obligate 
root parasitic plants [13, 14]. The seeds of these parasitic plants do not germinate 
unless they receive terpenoid lactones as a chemical signal from their host roots. 
Therefore, the parasite-host interaction has evolved in a sophisticated way to detect 
the presence of STLs or SLs by parasitic weeds and coordinate their germination 
and development with the host’s lifecycle [15, 16]. Receiving the signal molecule 
from the host for seed germination and growth towards the host organs are critical 
steps in the parasitic plant life cycle. Resistant host plants take a preventive pre- 
attachment strategy by making themselves invisible to parasitic plants by decreas- 
ing or completely stopping the production of germination stimulant molecules [17]. 
Therefore, reducing the number of stimulants exuded by host plants is considered to 
be a key factor for the host resistance achieved by inhibition of parasitic weed seed 
germination. Clustered regularly interspaced short palindromic repeats/CRISPR 
associated protein 9 (CRISPR/Cas9)-mediated mutagenesis, virus-induced gene 
silencing (VIGS) and RNA interference (RNAi) mediated gene silencing strategies 
have been used to disrupt strigolactones (SLs) biosynthesis in host plants [18—23]. 
In this way, the germination of seeds of parasitic plants was suppressed and almost 
complete resistance to parasitic weeds was achieved in genome-edited host plants 
(Table 24.1). 
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Table 24.1 Crops and parasitic plants modified by genome editing mediated strategies to enhance 
host resistance to parasitic weeds 


Plant 
Parasite Mode of resistance species | Reference 
P. aegyptiaca RNAi-mediated silencing of the parasite gene M6PR2 Tomato | [28] 
P. ramosa RNAi-mediated silencing of host gene CCD7 Tomato [18] 
P. ramosa RNAi-mediated silencing of host gene CCD8 Tomato | [19] 


P. aegyptiaca VIGS-mediated knockdown of the CCD7 and CCD8 Tobacco | [20] 
genes of parasitic weed 


S. hermonthica | VIGS-mediated silencing of ACS, M6PR, and Prx1 Tomato | [29] 
genes of the parasitic weed 


P. ramosa RNAi-mediated silencing of the host gene CCD8 Tomato | [13] 
S. hermonthica | CRISPR/Cas9-mediated knockout of host CCD7 Rice [21] 
P. aegyptiaca CRISPR/Cas9-mediated knockout of host CCD8 Tomato | [22] 
S. hermonthica | CRISPR/Cas9-mediated knockout of host MAXI Tomato | [23] 
O. crenata 


P. aegyptiaca 


SLs were first isolated in cotton root exudates as a germination stimulant of 
Striga lutea [24]. Subsequent research revealed that these compounds also function 
as endogenous hormones to inhibit shoot branching or tillering. SL biosynthesis 
begins with the convertion of all-trans-B-carotene to 9-cis-B-carotene with an 
enzyme called B-carotene isomerase (DWARF27 or D27). Then, carotenoid cleav- 
age dioxygenase 7 (CCD7) cleaves 9-cis-B-carotene into the volatile B-ionone and 
9-cis-B-apo-10’-carotenal. This former intermediate is catalyzed by CCD8 to yield 
carlactone which is the precursor for all SLs (Fig. 24.1). In Arabidopsis thaliana, 
carlactone is converted into carlactonoic acid by the cytochrome P450 monooxy- 
genase (MORE AXILLARY GROWTH 1-MAX1) (Fig. 24.1a). In rice, MAXI 
homologs convert carlactone into 4-deoxyorobanchol and orobanchol [25]. 

RNA interference (RNAi) uses an antisense siRNA strand to associate with the 
RNA- induced silencing complex (RISC) to target homologous RNA molecules for 
degradation and gene silencing in plants [26]. RNAi was previously used to silence 
several key genes encoding critical enzymes functional in SL biosynthesis. Gene 
silencing of CCD7 and CCD8 transcripts in tomatoes using antisense siRNA 
resulted in decreased levels of SL in the host, leading to reduced germination of the 
root parasitic weed [18, 19, 27]. 

Kohlen et al. (2012) showed that silencing of the host CCD8 gene in tomato lines 
by hpRNA technique reduces infestation of P. ramosa by 90% in the transgenic 
plants [19]. In another study, Aly et al. (2014) used a tobacco rattle virus-VIGS 
system for the transient knockdown of CCD7 or CCD8 in P. aegyptiaca. The result 
of the study demonstrated significant inhibition of parasite-tubercle development 
and the infestation of Nicotiana benthamiana plants [20]. A similar approach was 
used for the control of root parasitic weeds based on the simultaneous trans-specific 
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Fig. 24.1 Strigolactones (SLs) released from the host roots are the main stimulants for seed ger- 
mination of parasitic weeds. Therefore the genes encoding the enzymes functional in SL biosyn- 
thesis (a) were the targets for CRISPR-mediated gene knockout studies. CRISPR-mediated 
disruption of the CC7, CCD8 and MAXI genes in rice (b) and tomato (c, d) to reduce SL content 
in the root exudates. All the SL-deficient mutant plants exhibited reduced or poor germination in 
the seeds of parasitic plants such as S. hermonthica, O. crenata and P. aegyptiaca 


gene silencing of parasite genes [29]. In this study, multiple DNA fragments (ACS, 
MOPR, and Prx1) of P. aegyptiaca genes were targeted by RNAi. The results of the 
experiment showed the movement of mobile exogenous siRNA from the host to the 
parasite, which lead to the decreased expression of parasitic genes essential for the 
parasite tubercles growing on the host plants. 
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CRISPR/Cas9 is the newest genome editing approach used to silence or modify 
the genes of plant species to enhance resistance to parasitic plants. This efficient and 
simple genome editing tool requires a small-guided RNA (sgRNA) complementary 
to a target gene sequence and Cas9 enzyme that recognize sgRNA for precise cut- 
ting of DNA and leading to dsDNA breaks [30]. During DNA repair by non- 
homologous end joining, insertion or deletion may occur at the break sites, silencing 
the protein’s function [31]. CRISPR/Cas9 has been recently applied to knock out 
the CCD7 gene in rice (Oryza sativa) to reduce SL content in the roots [21]. CCD7 
mutants exhibited increased tillering, combined with reduced height and extremely 
poor levels of SL production compared to the wild-type control. Striga seed germi- 
nation was almost completely inhibited by the root exudates of some CCD7 mutants 
compared to that of control and the standard SL analogue GR24 (Fig. 24.1b). In 
another study, CRISPR/Cas9-mediated mutagenesis of the CCD8 gene was used to 
enhance host resistance to the parasitic weed P. aegyptiaca [22]. In this study, Cas9/ 
single guide RNA constructs were targeted to the second exon of CCD8 in tomato 
plants. Several mutant tomato lines with heritable insertions or deletions in CCD8 
gene were recorded to be SL-deficient. Compared to control tomato plants, the 
CCD8 mutant lines had morphological changes such as dwarfing, excessive shoot 
branching and adventitious root formation. In addition, some SL-deficient CCD8 
mutants exhibited an almost complete reduction in seed germination of P. aegypti- 
aca and its infestation compared to non-mutated tomato plants (Fig. 24.1c) [22]. 
Wakabayashi et al. (2019) knocked out the cytochrome P450 (MAXI) gene, 
SICYP722C, coding for an orobanchol synthase enzyme in tomato, by using a 
CRISPR system (Fig. 24.1d) [23]. Indels in the gene that resulted in biallelic frame- 
shift mutations were identified in the T1 transgenic plants and T2 progeny lines. 
Orobanchol production was completely inhibited in the root exudates of MAX1 
mutant tomato plants. Unlike the CCD8 mutant tomato lines created by Bari et al. 
[22], MAXI mutants did not show prominent phenotypes such as increased shoot 
branching and reduced stem length. Production of the fruits and seeds was normal 
in the TI MAXI mutant tomato lines normally, and no serious yield loss occurred 
in mutant T2 progeny. Most importantly, root exudates of MAXI mutant tomato 
plants reduced the induction of germination of seeds of root parasitic weeds, Striga 
hermonthica, Orobanche crenata, and Phelipanche aegyptiaca, compared to WT 
without changing the plant architecture. 

Secretion of toxic compounds inhibiting the seed germination of parasitic weeds 
is another strategy for host resistance against parasitic weeds. Many phytotoxins or 
natural amino acids were found to interfere with the early growth stages of the para- 
sitic weeds. These metabolites have negative effects on seed germination or germ 
tube elongation [32]. Serghini et al. (2001) found that the resistant sunflower geno- 
types release defensive secondary metabolites called 7-hydroxylated coumarins 
from their root to create a toxic environment for O. cernua [33]. In another study, 
transgenic tobacco overexpressing an antibacterial peptide sarcotoxin IA enhanced 
resistance to Phelipanche spp. by its toxic effects on this parasitic weed [34]. 
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2.1.1 Genome Editing for HAUSTORIUM Initiation Resistance in Crops 


Once a germination signal is released from the host and detected by the parasitic 
plants, a haustorium contact is established between the host and the parasite. 
Therefore, instead of reducing the germination of parasitic seeds, inhibition of haus- 
torium formation via several Haustorium Induction Factors (HIFs) could be also 
another strategy for crop resistance. HIFs are released from the parasitic plants to 
enable haustoria penetration into host organs following haustorium attachment [35]. 
A quinone molecule, 2,6-dimethoxy-1,4-benzoquinone (DMBQ), released from 
sorghum root extract was the first defined HIF molecule in the parasitic plants. 
DMBQ was recorded to induce both obligate and facultative parasitic haustoria 
development within hours [36]. Interestingly, two genes (TvQR1 and TvQR2) 
encoding a type of quinone oxidoreductases in Triphysaria versicolor (facultative 
parasitic plants) were identified to be responsible for the induction of DMBQ. TvQR1 
was estimated to generate the first step in the signal-transduction pathway for haus- 
torium development while TvQR2 was thought to be responsible for the removal of 
the signal with a detoxification system [37]. RNA interference (RNAi) technology 
was used to silence TvQR land TvQR2? transcripts in Triphysaria roots for the eval- 
uation of their functional role in haustoria formation. In the study, RNAi vectors 
designed to target TVQR1 and TvQR2 were transformed into Triphysaria roots via 
Agrobacterium rhizogenes. The competence of transgenic Triphysaria roots was 
accomplished by Arabidopsis root contact test. The results of haustoria formation in 
response to host contact indicated a significant decrease in haustorium development 
in roots silenced for QR1 but not in roots silenced for QR2. This experiment impli- 
cates QR1 as the first identified gene necessary for the redox bioactivation of 
haustorial-inducing factors [38]. 


2.1.2 Genome Editing to Enhance Post-attachment Resistance in Crops 


Even after the seeds of parasitic weeds germinate and attach to the host roots, 
hormone-mediated defence response in host plants can be triggered to cope with 
this parasite attack. Defence-related plant hormones, especially jasmonic acid (JA) 
and salicylic acid (SA), are known to contribute to crop resistance to parasitic weeds 
by direct inhibition of their contact with the host or enhancing the host plant vascu- 
lar body. For instance, treatment of SA on red clover roots reduced the houstaria 
formation of O. minor by lignification in the host endodermis cell layers [39]. 
Induction of SA and pathogenesis-related gene transcripts were also reported to 
enhance the resistance response of sunflowers to O. cumana [40]. JA is known to be 
involved in cell wall damage-—induced lignin biosynthesis and, therefore, it directly 
contributed to the host resistance by a hypersensitive-like response in plants [35]. 
Several studies have concentrated on the loss of function analysis of these hormones 
in crop species. For instance, Brading et al. (2000) created a transgenic tomato 
expressing salicylate hydroxylase. This enzyme converted SA immediately to 


418 K. Yildirim et al. 


inactive catechol and created SA-deficient tomato [41]. In another study, the radia- 
tion-based mutation was created on the tomato CORONATINE-INSENSITIVE1 
gene which reduced the expression of JA-responsive genes [42]. Runyon et al. 
(2010) used both mutant tomato genotypes to test their resistance to parasitic weeds. 
The results indicated that parasitic plants grown on the SA and JA mutant tomatoes 
were more aggressive and had more biomass than those grown on their wild-type 
counterparts [43]. 

In another study, RNAi was used to knock down (kd) the expression JA-inducible 
WRKY transcription factor in rice [44]. Remarkably, WRK Y45-kd rice genotypes 
exhibited severe susceptibility to S. hermonthica. The size and number of the S. her- 
monthica seedlings that attached and developed in mutant rice genotypes were 
almost threefold higher compared with wild-type rice. Therefore, a reduction in 
endogenous JA levels resulted in enhanced susceptibility to S. hermonthica. External 
application of JA was found to completely recover the resistance ability of mutant 
rice to this parasitic plant [5, 45, 46]. 

Hypersensitive response (HR) is a common mechanism which leads to localized 
cell death and necrosis at the infectious site to defend against pathogens and prevent 
the spread of infection in the plant body [47]. Some studies indicated that hosts have 
evolved the ability to detect parasitic plant—specific signals to initiate signal trans- 
duction cascades that lead to an HR and prevent the haustorium penetration process 
of parasitic plants [48]. For instance, a cowpea cultivar resistant to S. gesnerioides 
was found to trigger a downstream signalling cascade to activate the avirulence 
(Avr) proteins, which is a positive regulator of the HR [49]. A similar case was also 
reported for the interaction between sunflowers and O. cumana. Sunflower recog- 
nizes an avirulence protein (AVROR7) from O. cumana via the kinase domain 
of the HAOR7 protein, which then activates signalling cascades for the induction 
of HR [50]. 


3 Prospective Applications of Genome Editing-Based 
Systems for the Control of Parasitic Plants in Crops 


Genome editing-based strategies used to silence host or parasite genes may serve 
as an important strategy to obtain more effective and durable crop resistance to 
parasitic weeds. Unlike other types of natural resistance, genome editing-based 
strategies could be easily applied to susceptible crop cultivars. Moreover, parasite 
species share homology in the target gene sequence and, therefore, an established 
strategy could be effective against other parasitic weed species. For instance, Aly 
et al. (2009) revealed that M6PR gene has high sequence similarity between 
P. aegyptiaca, P. ramosa and O. crenata species, suggesting that a single RNAi or 
CRISPR-based protocol can be used to manipulate sensitivity to several species 
at the same time. In addition, multiple candidate parasitic genes can be cloned 
in the same construct and pyramided in susceptible hosts for gene editing, thus 
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significantly reducing the risk of the development of new virulent parasitic weeds 
[28]. A limited number of studies described in-vitro transformation and regenera- 
tion systems for P. aegyptiaca [51]. and P. ramosa [52]. However, the establishment 
of genome editing-based protocols needs more effort to acquire high-quality 
genomic data, reverse-genetics information and reliable parasite transformation 
systems to target key processes in the host—parasite interaction. Nevertheless, cur- 
rent molecular knowledge could still be a target for CRISPR-based genome editing 
studies. For instance, RNAi or CRISPR-based silencing of parasite genes functional 
in host cell-wall degradation and penetration (pectin methylesterase, polygalacturo- 
nase, rhamnogalacturonase or peroxidases) may reduce host penetrability during 
haustorium formation and initial parasitic stages. Another promising strategy could 
be the reduction of the parasite’s seed productivity by silencing the genes involved 
in flower and seed formation pathways. A general conclusion emerging from 
research in the last 20 years is that the intimate physical and physiological connec- 
tion of parasites with their hosts can be used as a key target point, where its greatest 
potential lies in developing parasite resistance utilizing molecule or macromolecule 
exchange. Since host-released stimulants such as hormones, seconder metabolites 
and signals are the most critical key factor in germination and infestation of para- 
sitic weeds, genes involved in these stimulant biosynthesis communications, signal- 
ling, and perception should be further studied and identified for the best targets for 
genome editing. A more thorough understanding of molecular interaction between 
host and parasite will enable manipulation of their in-vivo interactions and activity 
to control root parasitic weed germination without damaging the crop plant. 
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Abstract Since the introduction of genome editing techniques in breeding and the 
first commercial products on the market, various governments or jurisdictions have 
attempted to clarify the legal classification of genome editing in relation to their 
genetic engineering regulations. Only a few countries, including Europe, fully apply 
their strict genetic engineering laws to genome-edited organisms or products derived 
from them. Most countries with liberal regulations base classification on the absence 
of foreign DNA in the final product (including the USA and Canada, which de facto 
have no specific GMO laws). Countries such as Australia and Japan have introduced 
subcategories when sequence templates have been used in the genome editing pro- 
cess. Several countries, including Europe, are in the process of revising their GMO 
legislation. The international legislative landscape is thus dynamic. The heterogene- 
ity of regulatory regimes poses a challenge for international trade. This chapter 
summarises the status as of June 2023 and provides a brief introduction to the main 
legal concepts. 


1 Introduction 


The commercial use of genome editing technologies is closely linked to national 
legislation in the field of genetic engineering and biotechnology, as well as to con- 
sumer acceptance. The first genome editing techniques in plant breeding were 
developed before the beginning of this century, but it was not until the use of 
CRISPR-Cas systems that they became widely established in the range of applica- 
tions. Since the technique represents an active intervention in the genome to insert 
a modification at a specific genomic site, the question also arose as to how the tech- 
niques should be classified under genetic engineering law. The rapid development 
of genome editing techniques poses a challenge to national regulations and 
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Table 25.1 Genome-edited products/organisms released to national markets (until May 2023) 


Market 
Product | Target gene(s) | Method Phenotype release | Company 
Soybean [2, 3] FAD?2-1A, TALEN High oleic acid | 2019" | Calyxt (USA) 
FAD2-1B 
Tomato [4] GAD3 CRISPR-Cas9 | High GABA 2021 Sanatech Seeds 
(Japan) 

Red sea bream [5] | Myostatin CRISPR-Cas9 | More muscle | 2021 | Regional Fish 

mass Institute (Japan) 
Tiger puffer Leptin receptor | CRISPR-Cas9 | Increased 2021 | Regional Fish 
fish [5] appetite Institute (Japan) 
Mustard Myrosinase CRISPR-Cas9 | Reduced 2023 Pairwise (USA) 
greens [6] | pungency 


“The product pipeline and business model of Calyxt has changed. The product was marketed by 
Calyxt until 2021 


international treaties worldwide, as most existing laws and regulations do not pro- 
vide explicit reference to the techniques and their applications as such. To date few 
genome-edited products have entered the market in the North America (USA, 
Canada) and Japan (Table 25.1). 

Current legislations or guidelines may distinguish between the genome editing 
techniques, SDN-1, SDN-2, SDN-3, respectively [1] and whether foreign DNA and/ 
or sequence templates have been used during generation of the genome-edited 
organism. 


2 Countries/Regions with Strict Regulations 


Few countries/regions i.e. European Union (EU), New Zealand, South Africa, 
Venezuela, Peru and Costa Rica (Fig. 25.1) consider genome edited organisms 
(plant, animals, respectively; microorganisms maybe unclear) as GMO sensu stricto 
[7-14]. For these countries genome edited organisms bear broader challenges for 
law enforcement and compliance especially in relation to international trade. 
Though mutations can be detected with established molecular biotic methods the 
identification of the technique or the natural event that caused the mutation is bound 
to a priori information about the uniqueness of the event and the modified genome 
sequence(s) [15, 16]. Such data are rarely readily available and hence the detection 
of unintended residues from (prohibited) genome-edited plants in internationally 
traded commodities becomes erratic. This problem of law enforcement cannot be 
solved by labelling regulations and it is also challenging liability and redress. 
Nevertheless, labelling of “GMO” and the provision of a specific detection method 
prior to market release is mandatory e.g. in the EU regulatory framework. The EU 
as well as New Zealand are currently reviewing their respective GMO-regulations. 
The European Commission has published a legislative proposal in July 2023 that 
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GEd crops are regulated as conventional crops (SDN-3 on case by case basis) 


Discussions ongoing and an official statement on a potential future regulation have been released (supporter WTO statement) 


Strict policy in place; GEd regulated like classical GMO 


Special risk assessment for GEd crops in place under GMO regulations 


a 
E 
a Discussions on regulatory status of GEd crops, but no release of any official opinion on a potential future regulation 
E 
m 
2 


Some SDN-applications are exempted from strict GMO policy in which absence of foreign DNA is proven 


Z Special risk assessment for GEd crops in place under specialized GEd regulations 


Z Special risk assessment for GEd crops planed under specialized GEd regulations 


Fig. 25.1 Regulations on genome edited food around the world (updated [7]). The regulatory 
status of genome-edited (GEd) crops on a global schema 


suggests regulatory relaxations for genome-edited and cisgenetic plants and starts 
the legislation process in the EU [17]. De facto or purposely interrelated, the EU 
initiated two further policy actions. There is the “Sustainable food system frame- 
work initiative” [18] as a framing regulation and the “Revision of the plant and 
forest reproductive material legislation” [19]. The latter is less acknowledged in the 
public discussions, but of considerable relevance for the breeding sector as well. 

Several countries are developing a liberal handling of organisms derived with 
new genomic techniques (NGTs) based on the Cartagena Protocol [20] that defines 
a living modified organism as “any living organism that possesses a novel combina- 
tion of genetic material obtained through the use of modern biotechnology”, empha- 
sizing the novelty of a (re)combined sequence. Nevertheless, different countries 
tend to deal with the novelty aspect considerably differently. This raises challenges 
for law enforcement, compliance and liability that result when the specific genome 
editing method would need to be identified from a DNA-sequence of a sample from 
unknown products or commodities. 
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3 Countries/Regions with Liberal Regulations for Specific 
SDN Applications 


In Japan three genome-edited organisms have already been introduced into the mar- 
ket (Table 25.1) and crosses using these already registered organisms do not need to 
be evaluated again and are free from obligations. Japan [21] refers to the Cartagena 
protocol and exempt SDN-1, SDN-2 and Oligonucleotide-Directed Mutagenesis 
(ODM) as long as the absence of foreign DNA integration is proven in the latter 
cases. A guidance on how to proof the absence of foreign DNA with legal suffi- 
ciency is pending. 

Australia [22] published legal guidelines that essentially exempt organisms 
derived by SDN-1 mechanisms from restrict regulations of GMO (i.e. if an external 
sequence template was not used and if the organisms are free from foreign 
sequences). 


4 Countries with Liberal Regulations (for Organisms Free 
of Foreign DNA) 


Several countries followed Argentina deregulating organisms derived by genome 
editing if they do not contain introduced foreign DNA-sequences. Argentina has 
updated the regulation several times and it now includes animals and microorgan- 
isms [23]. Nevertheless, a pre-assessment or notification may be necessary to assess 
compliance. This does not mean that sequence information is published as such. 
Since 2015 more than 35 Prior Consultation Instances has been raised, 66% of those 
from local developers. Similar regulations are established in Chile in 2017 [24], 
Brazil and Colombia in 2018 [24], Paraguay, Honduras, Guatemala and El Salvador 
in 2019 [24]. 

Likewise, Nigeria [25], Kenia [26] and Malawi [27] published guidelines based 
on notification and a case-by-case assessment which comes to a decision within few 
weeks. Essentially, the regulations refer to the absence of “novel combination of 
DNA” in the genomes whereas small InDels and substitutions are not seen as such. 

There are no specific legislations for bioengineering in Canada and USA and at 
least one product is currently on the market (see Table 25.1). With regards to seeds, 
Canada follows a product based approach to regulation as recently confirmed by the 
Canadian Food Inspection Agency (CFIA): “It is the scientific opinion of the CFIA 
that genome editing technologies do not present any unique or specifically identifi- 
able environmental or human health safety concerns as compared to other technolo- 
gies of plant development. For this reason, genome-edited plants are regulated 
using a product-based approach, like any other product of plant breeding. Namely, 
it is the traits that a plant exhibits and whether these traits would have a significant 
negative impact on environmental safety that are used to determine whether a plant 
would be subject to Part V of the Seeds Regulations.” [28] Nevertheless, following 
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the Division 28 of Part B of the Food and Drug Regulations about novel foods 
Health Canada states “Foods derived from plants that have been genetically modi- 
fied such that they contain foreign DNA in the final plant product require pre-market 
notification and assessment as novel foods.’ [29] “Novelty” essentially relates to 
terms like “history of safe use” and “familiarity” with the composition of the final 
food product. Residues of the CRISPR/Cas-System in the genome would trigger 
additional safety assessments like any other transgenic organism. 

The legislation and regulation of genome-edited crops in the USA is more com- 
plex while a specific regulation for bioengineering does not exist but a “Coordinated 
Framework for regulation of Biotechnology” [30]. Based on the Plant Protection 
Act (PPA) the Animal and Plant Health Inspection Service of the U.S. Department 
of Agriculture (USDA/APHIS), based on the Food, Drug and Cosmetics Act 
(FDCA), the Food and Drug Agency (FDA) and based on the FDCA and the Federal 
Insecticide, Fungicide, and Rodenticide Act [FIFRA of the Environmental Protection 
Agency (EPA)] regulate products of biotechnology applications. For several years 
there are governmental activities to streamline the application. Since 2021 USDA 
APHIS implemented the Revised Biotechnology Regulations (previously SECURE 
rule) to provide clear and efficient regulatory pathways for applicants, when the 
plant products are unlikely to pose a plant pest risk. Products derived by means of 
genome editing under in most conditions are free from restrictions based on the PPA 
when changes in the plant product’s genome are either deletion(s), targeted substitu- 
tions of a single base pair or solely introductions from sequences derived from the 
plant’s natural gene pool or edits from sequences which are known to correspond in 
the plants natural gene pool. 

The Philippines established a procedure to regulate genome-edited plants based 
on the key criteria are whether they possess novel combinations of genetic material 
not achievable by conventional breeding [31]. 


5 Other Regulatory Frameworks 


China has released guidelines for the safety evaluation of genome-edited plants for 
agricultural use that do not harbour exogenous DNA-sequences (SDN-1, SDN 2). It 
provides a tiered assessment based on the risk profile of the target trait. The first 
category (low risk) refers to plants/traits that do not increase the risk to environmen- 
tal and food safety, the second to increased environmental risks, the third to increased 
food safety risks, and the fourth to increases in both environmental and food risks. 
Different requirements apply for cultivation and or import aside from some general 
items describing the plant and trait: (1) molecular characterization, editing method 
applied, data on the edited sequence, presence of residual vector sequences, and 
off-target analysis; (2) stability of the edit and the trait over at least three genera- 
tions. At present the guidelines do not specify how to classify a product according 
to the four categories, what may indicate a case-by-case decision procedure. These 
requirements are in line with the ones requested in the guidelines for safety 


430 T. Sprink and R. Wilhelm 


evaluation of GMOs. However, genome-edited crops are still managed under GMO 
regulation, but may require much less complicated food and environmental safety 
evaluations compared to classical GMOs and may reduce time for regulation from 
six down to one to two years. However, these guidelines also differentiate between 
local and foreign developers as foreign firms are not allowed to invest in Chinas 
biotech sector [32]. 

A risk based concept was also implemented by India and an appropriate tiered 
based risk assessment is foreseen to categorizing genome editing in three catego- 
ries. In a first category, products should be addressed with single or few base pair 
edits or In/Dels. The assessment confirms targeted edits as well as absence of any 
biological relevant off target genomic changes, and, if necessary, a phenotypic 
equivalence to a comparator will be checked on a case by case basis. The second 
category addressed targeted base pair edits in which the assessment is compiled by 
phenotypic equivalence and trait efficacy through appropriate contained and/or con- 
fined field trials. The third category addresses products harbouring targeted edit(s) 
with synthetic/foreign DNA. The assessment is the same as for traditional 
GMOs [33]. 

Thailand also drafted a risk assessment of genome editing products in which a 
liberal assessment of SDN1 has been foreseen. However, this draft has not passed 
official release, yet [34]. 


6 Other Countries — Ongoing Consultations 


In Europe the policy of the EU is considerably important for non-EU countries — 
which are trading partners. Nevertheless, England, Norway and Switzerland have 
discussed somewhat differing regulations for genome-edited plants. 

The Norwegian Biotechnology Advisory Board initiated a reconsideration of the 
regulatory framework for GMOs. It sketched a tiered scheme for risk assessment of 
GMOs including genome-edited organisms combining biological, environmental as 
well as social criteria [35]. 

The Swiss Genetic Technology Act (Art. 37a) [36] mandates the Federal Council 
to develop a draft decree for a risk-based approval procedure for transgene-free 
GMOs by mid-2024. The current genetic engineering act considers genome-edited 
organisms as GMO and the year-long moratorium for cultivation of GMO in 
Switzerland will apply. Nevertheless, field trials are supported. 

In 2020 UK left the EU and England — independent of Scotland, Wales and 
Northern Ireland — moved towards specific regulations for genome-edited organ- 
isms. On 23rd March 2023 the “Genetic Technology (Precision Breeding) Act 
2023” [37] came into force. It allows for genetic changes that could also have been 
produced naturally or through “traditional” breeding. It rules that genome-edited 
(precision bred) plants and animals can be released or marketed in England based 
on notification and risk assessment provisions. 
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It is expected that South Korea as well as Taiwan intend to publish clarifications 
on the status of genome-edited organisms in 2023. Several African countries are 
reconsidering the regulatory status of GE plants, but it remains open when decisions 
will be taken. 


7 Compliance, Law Enforcement, Detection 
and Identification 


As mentioned above, the legal framework is closely linked to the issue of enforce- 
ment and compliance as well as labelling demands, which in turn is linked to the 
issue of detection, i.e., identification of the genome editing process associated with 
the DNA sequence of an organism. Unlike organisms obtained by classical trans- 
genesis, organisms edited by ODM, SDN-1, or SDN-2 do not contain sequence 
elements belonging to elements associated with tranformations (e.g. S35-promotor, 
Nos-terminator) that simplify broader screening. Moreover, a targeted mutation 
often does not differ from a random mutation. Hence, a precondition for identifica- 
tion is the information about the uniqueness of a sequence caused by genome edit- 
ing. The unique sequence length cannot be freely set as recombination events 
(crossover at meiosis during seed propagation) as well as random mutations may 
alter the sequence “naturally” [38]. Even large modifications e.g. introgressions, 
occur in conventional breeding programs [39]. Therefore, there are calls for an 
international sequence database [40] for unique sequences that identify a genome- 
edited organism to support screening and detection. The crucial dependence on this 
information and detection challenges are nicely depicted by the debate about the 
detection of Cibus herbicide tolerant canola. There is no doubt that any SNP can be 
sensitively detected in a sample with mixed background. Since at various time 
Cibus provided contradictory information about the origin of the SNP in its modi- 
fied canola variety, the sequence itself does not reveal the actual process of modifi- 
cation [41—44]. For genome-edited organisms that are not considered GMOs in 
various legislations there is neither a legal obligation to pass detailed sequence 
information to public international repositories nor an obligation to provide a detec- 
tion method, as is requested for market release of GMOs in the EU. Within a terri- 
tory with a uniform legal basis (e.g. in the EU), the establishment of a register may 
be considered possible, but considering international trade with mixed commodi- 
ties, law enforcement is challenging. In jurisdictions with differing regulations for 
SDN-1 and SDN-2 the handling of genome-edited organisms will become even 
more problematic. In addition, laws that refer to equivalence of genome-edited 
sequences with sequences that may be generated through conventional breeding 
will need to specify borderlines. As large introgressions (>>1000 bp) occur natu- 
rally and deliberately in conventional breeding, the legally fixed sequence length 
may affect trade with conventional breeding products as well. 
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A positive or negative certification regime may be considered that is based on 
documentation. Such certification systems have been established e.g. in the organic 
food sector or for certified regional products. To scrutinize detailed compliance, 
audits based on extended documentation at each step of the supply or value chain 
would be necessary. Employing blockchain-based tracking systems is recently dis- 
cussed for agro-food value chains [e.g. 45]. Nevertheless, monitoring the actual 
physical compliance would need appropriate identification methods (see above). 


S Conclusions 


The majority of countries currently do not explicitly regulate genome edited organ- 
isms — for various reasons. The legal practice may stay unclear for some countries 
for the next years. Several major players in international trade (of agricultural 
goods) already clarified their legal classification of genome-edited organisms in 
specific legislations, guidance documents, decrees or else related to the handling of 
biotechnology and bioengineering (GMO). The countries are applying separate 
regulatory requirements for organisms that do not harbour foreign gene sequences 
while strict GMO regulations apply in a few countries and the EU. This challenges 
international trade and national law enforcement and compliance (detection and 
identification of genome-edited organisms) due to the international heterogeneity of 
regulations. Hence, there are frequent calls for international harmonisation of legis- 
lation on genome-edited organisms to end divergent national regulations. 

This situation is likely continuing for at least a few more years, affecting interna- 
tional trade between some countries and preventing or delaying the application and 
use of genome editing and its products in regions with restrictive regulations. 
Therefore, the prospects and progress of genome editing in breeding will vary from 
region to region and also for international and regional players. 
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Interpreting Precision Breeding: Key Legal gss 
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Approaches in the Global South 
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Abstract In various countries, especially in the Global South, there is legal uncer- 
tainty about which products or organisms derived from precision breeding, also 
called new breeding technologies, are subject to biosafety regulation. It is not clear 
whether which precision breeding products are classified as Living Modified 
Organisms (LMOs), or Genetically Modified Organisms (GMOs), and therefore be 
subject to regulatory oversight under biosafety laws. 

This section, under Chap. 3 of Policies and Regulations, provides an overview of 
key definitions under international and national legislation to clarify the regulatory 
status of precision breeding products. This is done by assessing provisions under 
international biosafety law and national legislation in selected countries in the 
Global South. The outcome of this section is to provide a baseline for further discus- 
sion about the regulatory status of precision breeding globally. 

First, the background is presented, covering the development of international and 
national legal frameworks governing biosafety of LMOs and GMOs. Second, the 
legal definition of LMO and related terms under international law is discussed. 
Third, the GMO definition of national law in selected jurisdictions is presented. 
Fourth, a snapshot of the emergence of regulations governing precision breeding in 
the Global South is analyzed. Finally, key future perspectives to the regulatory sta- 
tus of precision breeding products are suggested. 
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1 International and National Legal Frameworks 
for Biosafety 


Biotechnology products, such as LMOs and GMOs, are subject to regulation. Rules 
to regulate the safe use of LMOs and GMOs are established under international and 
national biosafety law. 

For instance, the Convention on Biological Diversity (CBD) requires in Art. 8(g) 
that Parties “to establish or maintain means to regulate, manage or control the risks 
associated with the use and release of living modified organisms resulting from 
biotechnology which are likely to have adverse environmental impacts that could 
affect the conservation and sustainable use of biological diversity, taking also into 
account the risks to human health”. 

In addition to the obligation pertaining to national biosafety systems, the 
Cartagena Protocol on Biosafety (CPB), a subsequent protocol to the CBD, governs 
the transboundary movements of LMOs [1]. 

According to Art. 1 CPB, the objective to the CPB is: “to contribute to ensuring 
an adequate level of protection in the field of the safe transfer, handling and use of 
living modified organisms resulting from modern biotechnology that may have 
adverse effects on the conservation and sustainable use of biological diversity, tak- 
ing also into account risks to human health, and specifically focusing on trans- 
boundary movements”. 

The CPB was adopted in 2000 and entered into force in 2003 [2]. Currently, 173 
countries are Parties to the CPB. This means that such countries have either ratified, 
accepted, approved or accessed the CPB [3]. It is relevant to note that most Parties 
to the CPB are located in the Global South. In fact, both the text of the CPB and its 
adoption by jurisdictions in the Global South were promoted by influential actors in 
the Global North such as the European Union. In fact, the CPB stipulations were 
contested by other Global North prominent actors in the international environmen- 
tal system, such as the United States of America [4]. 

According to Art. 2 CPB, CPB’s Parties are required to, inter alia, adopt national 
legal measures to implement their obligations under the CPB. Since the ratification 
of the CBD and the CPB, an increasing number of Parties have adopted domestic 
measures to govern the use of the LMO and to implement the CPB. 

With the adoption of the CPB in 2000, some Parties to the CPB rapidly started to 
adopt national legislation to regulate the use of LMOs within their territories [5]. In 
the Global South, some countries have adopted a national biosafety legislation to 
govern LMOs. For example, in 2007, Malaysia adopted the Biosafety Act No. 678 
to, inter alia, regulate the use of LMOs with the objectives of protecting human, 
plant and animal health, the environment and biological diversity. Similarly, in 
2015, Dominican Republic adopted the Law No. 219-15 regarding the safety of 
biotechnology to ensure safe use of LMOs and prevent adverse effects that they 
could cause to biodiversity, human health and the environment. 

Other countries in the Global South, which are also Parties to the CPB, have 
designed biosafety laws to regulate the safe use of GMOs. These countries regulate 
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GMOS instead of LMOSs. For instance, in 2005, Mexico enacted the Biosafety Law 
of Genetically Modified Organisms with the purpose of regulating various activities 
of GMOs to prevent, avoid or reduce the possible risks that these activities might 
entail to human health, environment and biological diversity. Similarly, in 2009, 
Kenya adopted the Biosafety Act No. 2 to facilitate responsible research into, and 
minimize the risks that may be posed by the GMOs to human health and the envi- 
ronment. Therefore, regardless the ratification of the CPB, some Parties have opted 
to use the term GMO, instead of LMOs, to design national measures to implement 
the CPB. 

In the Global South, biotechnology products have been subject to regulatory 
oversight even before the adoption of the CPB. For instance, in 1999, Peru enacted 
the Law No. 27104 to prevent risks associated with the use of biotechnology and to 
protect the human health, the environment and biodiversity by regulating, managing 
and controlling the risks associated with LMOs. Similarly, in 1997, South Africa 
adopted the Genetically Modified Organism Act No. 15 to promote the responsible 
development, production, and use of GMOs to limit possible harmful consequences 
to the environment. 

However, not all countries in the Global South have a biosafety legal framework 
to govern LMOs or GMOs. In fact, in the Global South, the purpose to adopt bio- 
safety policies, legislation and regulations is diverse. For instance, most countries 
have adopted biosafety legal frameworks as an end product of the ratification and 
entry into force of the CPB [5, 6]. Other countries, such as Argentina and Brazil are 
major exporters of agrobiotechnology commodities, and this may be a contributing 
element to their advanced level of trade-related biosafety frameworks [7, 8]. Some 
other countries have opted to design biosafety policies to restrict the use of biotech- 
nology products or have yet to promulgate any biosafety legal instrument [5]. 
Clearly, the economic importance of the agricultural sector and the role of biotech- 
nology in each country are fundamental triggers for the rapid adoption of biosafety 
policies and laws [7]. Additionally, political will would be a key factor in the suc- 
cess of adoption biosafety policies and legislation [5]. 

Overall, some countries are designing bills of legal instruments to regulate 
LMOs, or GMOs, and implement the CBD and the CPB at a national level. For 
example, most Small Island States in the Caribbean, and the Pacific, are drafting 
biosafety legal measures [5]. Similarly, most Least Developed countries in Africa 
lack biosafety legislation [9]. 


2 What Is a Living Modified Organism (LMO)? 


The term LMO has a universal legal definition that has been described under inter- 
national environmental law. The concept of LMO was initially introduced in inter- 
national law by the CBD in 1992 [10]. Two articles under the CBD presented the 
notion of LMO. 
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Firstly, Art. 8(g) CBD, concerning in situ conservation, indicates that each con- 
tracting party shall, as far as possible and as appropriate, “establish or maintain 
means to regulate, manage or control the risks associated with the use and release 
of Living Modified Organisms resulting from biotechnology which are likely to have 
adverse environmental impacts that could affect the conservation and sustainable 
use of biological diversity, taking also into account the risks to human health’. 

Second, the concept of LMO is also presented in Art. 19(3) CBD referring to 
handling of biotechnology and distribution of its benefits. Art. 19(3) CBD notes that 
“the Parties shall consider the need for and modalities of a protocol setting out 
appropriate procedures, including, in particular, advance informed agreement, in 
the field of the safe transfer, handling and use of any Living Modified Organism 
resulting from biotechnology that may have adverse effect on the conservation and 
sustainable use of biological diversity”. 

The CBD only mentions the notion of LMO with the aim to develop appropriate 
measures to control their possible risks to biodiversity and human health. However, 
the definition of LMO is subsequently clarified in the CPB in 2003. According to 
Art. 3(g) CPB, a LMO refers to “any living organism that possesses a novel combi- 
nation of genetic material obtained through the use of modern biotechnology”. 

Some Parties to the CPB have included the legal definition of LMO into their 
national biosafety legislation [11, 12]. 


Activity 26.1: Adoption of the LMO Definition Under National Laws 

° Which other Parties to the CPB have adopted the LMO definition in their 
national biosafety law? 

e Are there non-Parties to the CPB that also follow the LMO definition? 


3 Key Features of the LMO Definition 


Based on Art. 3(g) CPB, the LMO definition contains three key features. A product 
is considered to be a LMO when it owns all these three characteristics: 


— Bea living organism, 
— Possess a novel combination of genetic material, and, 
— Be developed by the use of modern biotechnology. 


Each feature of the LMO definition includes relevant legal terms that have also 
been defined under international law. Overall, the LMO definition contains four 
legal terms that are described by international law. These are: “living organism”, 
“genetic material”, “biotechnology” and “modern biotechnology”. 
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3.1 What Is a Living Organism? 


According to the LMO definition of the CPB, LMO are living organisms. Art. 3(h) 
CPB defines the concept of living organism as “any biological entity capable of 
transferring or replicating genetic material, including sterile organisms, viruses 
and viroids”. According to this definition, a living organism possesses two joint 
characteristics. 

Firstly, a living organism is any biological entity, including sterile organisms, 
virus and viroids. Living organisms are alive beings which are also referred to as 
biological entities, living beings, living systems or natural entities [13]. They occur 
in various forms [14]. For example, animals (including human beings), plants, bac- 
teria, protozoa and fungi are living organisms [15]. 

Furthermore, entities such as sterile organisms, viruses and viroids are also 
included as living organisms according to Art. 3(h) CPB. It is noteworthy that some 
viruses and viroids are not alive entities [10]. However, the definition of living 
organisms, as stipulated by Art. 3(h) CPB, is broad as it includes non-living things, 
such as viruses and viroids. 

Secondly, a living organism must be capable of transferring or replicating genetic 
material. Biological entities possess various capacities, including the ability to 
transfer or replicate their genetic material [13]. Similarly, viruses and viroids also 
possess this ability [10]. 


3.2 What Is a Novel Combination of Genetic Material? 


Based on the LMO definition of the CPB, a LMO has to possess a novel combina- 
tion of genetic material. However, there is no definition of the concept of novel 
combination of genetic material under international law. Rather, the term genetic 
material is in: 


Art. 2 CBD, genetic material refers to “any material of plant, animal, microbial or 
other origin containing functional units of heredity”. Similarly, Art. 2 International 
Treaty on Plant Genetic Resources for Food and Agriculture ITPGRFA) defines 
genetic material as: “any material of plant origin, including reproductive and 
vegetative propagating material, containing functional units of heredity”. 


Overall, the definition of genetic material by the CBD is broad, as it encom- 
passes any genetic material of various types of living organisms, including plants, 
animals or microbes. In contrast, the definition of the ITPGRFA exclusively refers 
to genetic material of plant origin. However, both definitions agree that genetic 
material must contain functional units of heredity, which are composed of nucleic 
acids, such deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) carrying 
genetic information or genes [10, 16]. 
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3.3 What Is Modern Biotechnology? 


Before explaining the concept of modern biotechnology, it is relevant to describe 
what biotechnology means. Art. 2 CBD defines biotechnology as “any technologi- 
cal application that uses biological systems, living organisms, or derivates thereof, 
to make or modify products or processes for specific use”. 

The term biotechnology was first introduced by natural sciences in 1919 to refer 
the scientific methodologies that allow products to be developed from raw materials 
with the support of living organisms [17]. For instance, biotechnology is used for 
the selective breeding of plants and animals or the use of microorganisms in the 
production of beer, bread and wine [18]. 

Modern biotechnology is one type of biotechnology. According to Art. 3(i) CPB, 
modern biotechnology refers to the application of “in vitro nucleic acid techniques, 
including recombinant DNA (rDNA) and direct injection of nucleic acid into cells 
or organelles, or fusion of cells beyond the taxonomic family, that overcome natural 
physiological reproductive or recombination barriers and that are not techniques 
used in traditional breeding and selection’. Both, in vitro nucleic acid techniques 
and cell fusion are primarily used for agriculture, textile, food and feed production, 
including the development of LMOs [19]. 

Additionally, the definition of modern biotechnology makes reference that these 
techniques are not same as methods used in traditional breeding and selection. 
However, the meaning of traditional breeding and selection is not defined under 
international law. Conventional, traditional, or natural could refer to traditional 
breeding and selection techniques, such as natural selection, cross-breeding, proto- 
plast fusion, and chemical- or radiation-induced mutation [20]. These techniques 
modify the genetic material within the crossable gene pool of a species, but they do 
not introduce genetic information from other organisms [20]. 


4 What Is a Genetically Modified Organism (GMO)? 


There is no international legal definition of GMO. Instead, the term GMO is intro- 
duced and defined only under domestic and regional law in certain jurisdictions. As 
such, some countries have designed their own definition of GMO, which is incorpo- 
rated into their national biosafety laws. For instance, in the Global South, biosafety 
legislations in selected countries in Africa, Asia and Latin America and the 
Caribbean use the term GMO instead of LMOs (Table 26.1). It is relevant to note 
that, regardless the ratification to the CPB, some Parties to the CPB have decided to 
use the term GMO instead of LMO. 

As shown in Table 26.1, the definition of GMO varies between jurisdictions. 
Therefore, it is not possible to describe main characteristics of the GMO definition 
that can be universally valid. This is because there is no standard definition of the 
term GMO. In fact, the GMO definition contains different or similar features among 
countries with a biosafety law to regulate GMOs. Interestingly, these features of the 
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Table 26.1 GMO definition under national biosafety laws in certain jurisdictions 


Region/ Year of 

Country Main biosafety legal instrument | enactment | GMO definition 

Africa 

Kenya Biosafety Act No. 2 An Act of 2009 “Any organism that possesses a 


Parliament to regulate activities 
in Genetically Modified 
Organisms to establish the 
National Biosafety Authority, 
and for connected purposes 


novel combination of genetic 
material obtained through the use 
of modern biotechnology 
techniques”. 


Nigeria National Biosafety Management | 2015 “Any organism living or non-living 
Act that possesses a novel combination 
of genetic material obtained 
through the use of modern 
biotechnology”. 
South Genetically Modified Organism | 1997 “An organism the genes or genetic 
Africa Act No. 15 material of which has been modified 
in a way that does not occur 
naturally through mating or natural 
recombination or both, and ‘genetic 
modification’ shall have a 
corresponding meaning”. 
Asia 
The Joint Department Circular No.1 | 2021 “Also refers to Living Modified 
Philippines | of the Rules and Regulations for Organism under the Cartagena 
the Research and Development, Protocol on Biosafety and refers to 
Handling and Use, any living organism that possesses 
Transboundary Movement, a novel combination of genetic 
Release into the Environment, material obtained through the use 
and Management of Genetically- of modern biotechnology”. 
Modified Plant and Plant 
Products Derived from the Use 
of Modern Biotechnology 
Viet Nam Biodiversity Law No. 20 2008 “An organism whose genetic 
structure has been modified by the 
gene transfer technology”. 
Latin America and the Caribbean 
Brazil Law No. 11,105 2005 “An organism whose genetic 


material, DNA/RNA has been 
altered by any genetic engineering 
technique”. 
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Table 26.1 (continued) 


Region/ Year of 
Country Main biosafety legal instrument | enactment | GMO definition 


El Salvador | Decree No. 78 for the Special 2008 “Any living organism that possesses 
Regulation for the safe use of a novel combination of genetic 
Genetically Modified Organisms material obtained through the use 
of modern biotechnology. For the 
purpose of this regulation, the term 
Genetically Modified Organism is 
understood as synonym of the term 
Living Modified Organism used by 
the Cartagena Protocol on 
Biosafety”. 

Mexico Biosafety Law of Genetically 2005 “Any organism living, with the 
Modified Organisms exemption of humans, that 
possesses a novel combination of 
genetic material obtained through 
the specific use of modern 
biotechnological techniques defined 
in this Law”. 


Panama Biosafety Law No. 48 2002 “Any living organism in which the 
genetic material has been modified 
in a way that does not occur 
naturally or in a different way than 
| natural” 


GMO definition can be similar or different in comparison to the LMO definition of 
the CPB. Overall, the GMO definition can be equal, similar or different to the LMO 
definition. 

First, for some countries with a biosafety law to regulate GMOs, the definition of 
GMOs is equal to the LMO definition of the CPB. This phenomenon occurs when 
revising biosafety laws in The Philippines and El Salvador. In fact, under such leg- 
islation, there is a clear indication that GMO is a synonym of the term LMO under 
the CPB. 

Second, for other countries that have adopted a biosafety law of GMOs, the term 
GMO is very similar to the LMO definition of the CPB. the GMO concept under 
biosafety legislation of GMOs in Mexico, Nigeria and Kenya contains almost all the 
features of the LMO definition. For example, according to these laws, a GMO has 
to possess a novel combination of genetic material and have to be developed through 
the use of modern biotechnology. 

Third, biosafety legislation in some other countries have design a GMO defini- 
tion that is very different to the concept of LMO. This occurs in countries such as 
Brazil, Panama, South Africa and Vietnam. Here, there is no indication of modern 
biotechnology; instead, other scientific terms are mentioned such as genetic engi- 
neering, gene transfer technology or in a way that does not occur naturally. Similarly, 
these legal instruments only mention that the genetic material of the GMO has to be 
altered or modified. There is no reference that GMO has to possess a novel combi- 
nation of genetic material. 
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Activity 26.2: Adoption of the GMO Definition Under National Laws 

° Which other Parties to the CPB have designed a GMO definition? 

° Are there non-Parties to the CPB that follow a GMO definition? 

° Which are the similarities or differences between the GMO definition of 
such countries and the LMO definition? 


5 Regulatory Approaches Governing Precision Breeding 


Under international law, there is no binding specific provision to regulate precision 
breeding or new breeding techniques. Some international organizations including 
the Secretariat to the CBD, Organization Economic Cooperation and Development 
(OECD), Food and Agriculture Organization of the United Nations (FAO) have 
made efforts to support countries when defining what precision breeding refers to. 
For instance, these organizations have designed guidelines to explain some preci- 
sion breeding or other related techniques such as genome editing, synthetic biology 
and/or gene drive systems [21-23]. However, the definitions proposed by these 
organizations are not legally binding as those concepts have been developed as 
guidance only. 

However, under national law, rules to regulate some techniques that could be 
placed under the umbrella term precision breeding exist. Recently, few countries, 
including in the Global South, with a biosafety legislation of LMOs or GMOs have 
adopted a new regulation to clarify the regulatory status of precision breeding [24] 
(Fig. 26.1). Interestingly, most of these countries are located in Latin America and 
the Caribbean region. 

Overall, 13 countries have designed guidelines or regulations that have been 
adopted in certain countries in the Global South (Table 26.2). The development of 
these guidelines and regulations results is a consequence that some precision breed- 
ing techniques can generate products that can be classified as LMOs or GMOs 
under biosafety legislation and they can result in organisms that can also occur in 
nature or through conventional breeding. 

Regulations in most of these countries acknowledge the fact that some precision 
breeding techniques could develop LMOs or GMOs, while others may not. 
Therefore, the purpose of these regulations is to develop an administrative proce- 
dure, and an application form for applicants to query to the National Competent 
Authority (NCA) whether or not their products are considered as LMOs or GMOs. 
The NCAs in these countries are: 


° In Africa: National Biosafety Authority in Kenya and National Biosafety 
Management Agency in Nigeria; 

° In Asia: Department of Biotechnology under the Ministry of Science and 
Technology in India and Department of Agriculture in The Philippines; and, 
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Fig. 26.1 Overview of countries in the Global South with a regulation or guidelines to regulate 
some technologies of precision breeding. Countries in yellow have designed a similar approach to 
regulate precision breeding products. Whereas countries in blue opted to adopt other type of 
approach 


° In Latin America and the Caribbean: Ministry of Agriculture, Livestock and 
Fisheries in Argentina, National Biosafety Technical Commission in Brazil, 
Service for Agriculture and Livestock in Chile, Colombian Institute of Agriculture 
and Livestock in Colombia, Ministry of Environment in Ecuador, Ministry of 
Agriculture and Livestock in Paraguay, Ministry of Agriculture, Livestock and 
Food in Guatemala and National Service of Agri-Food Health and Quality in 
Honduras. 


Overall, according to [7], the applications forms that are developed by the NCAs 
request the following information including: 


° data about the parental organism, such as its molecular biology and phenotype, 

° the breeding methodology used to obtain and select the crop including the new 
trait or introduced characteristic, and an indication of the modified DNA 
sequences, 

° evidence of stably inherited genetic changes in the final product, including tech- 
nologies used to discard a stably inserted new combination of, or foreign, genetic 
material in the final organism. 


The NCAs in these countries analyze the information provided by the applicant 
and evaluate whether the products have a novel combination of genetic material or 
not. If the final organism has a novel combination of genetic material, it is consid- 
ered as LMO or GMOs, and falls under the biosafety regulatory oversight [7, 
12, 25]. 

Therefore, a common definition in most of these countries is what constitutes a 
novel combination of genetic material. This is because for all countries in Fig. 26.1 
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Table 26.2 Regulations governing precision breeding in selected countries 


Region/ Main regulation governing Year of Meaning of novel combination, or 
Country precision breeding enactment | foreign, of genetic material 
Africa 
Kenya Guidelines for determining the 2022 Refers to a novel combination of 
regulatory process of genome genetic material from sexually 
editing techniques in Kenya non- compatible species through 
the use of modern biotechnology 
techniques. 
Nigeria National Biosafety Guidelines on | 2020 a combination of DNA sequences 
Gene Editing which is possible only through 
modern biotechnology and is not 
possible to find in nature or 
obtained through conventional 
breeding techniques. 
South Public Note: South Africa’s 2021 _ 
Africa Regulatory Approach for New 
Breeding Techniques 
Asia 
India Guidelines for the safety 2022 _ 
assessment of genome edited 
plants 
The Memorandum Circular No.08 2022 A resultant genetic combination in 
Philippines | Series of 2022. Rules and a living organism that is not 
procedure to evaluate and possible through conventional 
determine when products of plan breeding. 
breeding innovations (PBIs) are 
covered under the DOST-DA- 
DENR-DOH-DILG Joint 
Department Circular No. 1 Series 
of 2021 
Latin America and the Caribbean 
Argentina | Resolution 173/2015 2015 A stable and joint insertion into 
the genome of one or more genes 
or DNA sequences that are part of 
a defined genetic construct 
Brazil Normative Resolution 16 2016 = 
Chile Consultation Form 2017 To a stable insertion of one or 


more genes or DNA sequences 
encoding proteins, RNAi, 
double-stranded RNA, signal 
peptides or regulatory sequences 
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Table 26.2 (continued) 


Region/ Main regulation governing Year of Meaning of novel combination, or 
Country precision breeding enactment | foreign, of genetic material 
Colombia | Resolution 00029299 2018 A gene, set of genes or DNA 


sequences that are part of a 
defined genetic construction and 
that have been introduced in the 
genome of an organism on a stable 
way, by the use of modern 
biotechnology, overcoming natural 
physiological barriers of 
reproduction. 

Ecuador Regulation of the Organic Code 2019 = 
for the Environment No. 752 
Guatemala | Technical Regulation 65.06.01:18 | 2018 A stable insertion in the genome, 
of one or more genes or DNA 
sequences that codify: DNA double 
helix DNA, RNA, proteins or 
regulatory sequences, that cannot 
be obtained by conventional 
breeding or are not found in 
nature. 

Honduras | Technical Regulation 65.06.01:18 | 2018 A stable insertion in the genome, 
of one or more genes or DNA 
sequences that codify: DNA double 
helix DNA, RNA, proteins or 
regulatory sequences, that cannot 
be obtained by conventional 
breeding or are not found in 
nature. 


Paraguay Resolution 565 2019 _ 


(in yellow), excluding South Africa, precision breeding products that lack a novel 
combination, or foreign, of genetic material are not defined as LMOs, or GMOs, 
according to their national biosafety legislation. The presence of novel combination, 
foreign or exogenous, of genetic material in the final product is the main consider- 
ation to classify a product as a LMO or GMO. Clearly, the characteristics of this 
definition may slightly or significantly vary between countries as indicated in 
Table 26.2. 

To the contrary, the NCA of South Africa, the Executive Council for Genetically 
Modified Organisms in South Africa, had adopted a communication indicating that 
all products derived from new breeding techniques will be subject to regulation. 
Therefore, all products of new breeding techniques will be treated similarly to 
GMOs, and they will fall under subject to the Genetically Modified Organism Act 
No. 15 of 1997. 

Some other countries in the Global South are currently discussing the need to 
adopt regulations for precision breeding or are designing drafts of guidelines to 
regulate precision breeding products. For example, this occurs in various countries 
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in Latin America and the Caribbean [7]. Similarly, few countries in South East Asia 
are discussing whether or not regulate precision breeding products [26]. Additionally, 
ongoing discussions are taking place in some West African countries [27]. 


Activity 26.3: Approval of Regulations Concerning Precision Breeding 

° Which other Parties to the CPB have adopted regulations concerning preci- 
sion breeding? 

e Are there non-Parties to the CPB that have design precision breeding 
regulations? 

° What is the trigger to regulate precision breeding countries in these 
countries? 


6 Future Regulatory Perspectives on Precision Breeding 


Some countries in the Global South, especially countries in Latin America and the 
Caribbean region, have designed regulations to assess the regulatory status of some 
precision breeding techniques. In fact, these countries have an extensive experience 
governing LMOs and/or GMOs since the 90s. Additionally, these countries are 
major producers of agricultural and biotechnological commodities [5]. As such, it 
was expected that these countries would rapidly adopt such new measures on preci- 
sion breeding, as they have an interest to insert such these products into national and 
international markets. Clearly, the rapid adoption of procedures relevant to preci- 
sion breeding is strongly linked to the role of agriculture and biotechnology in the 
countries and with national economic, social and political perspectives [7]. As such, 
it is likely that other countries with a similar attitude would likely be willing to 
adopt similar or slightly similar regulations on precision breeding. 

However, countries in the Global South have diverse positions in terms of bio- 
safety law and the role of agrobiotechnology in their economies. Countries that rely 
in other types of agriculture, e.g. organic, or have developed bans to the use of bio- 
technology products for agriculture would continue excluding the governance of 
precision breeding products. This is simply because precision breeding products are 
one alternative that can be utilized by certain countries but not necessarily the only 
one that can be used across all countries in the Global South. 

It is fundamental to highlight the right of sovereignty of countries over their ter- 
ritory. For the Global South, clearly, there is no one-size-fits-all approach to pro- 
mote the use of precision breeding in all countries. Nor all countries should follow 
a singular and common approach to govern precision breeding products. This would 
occur only when such approaches, if relevant and needed, fit the conditions and 
national interest of the countries about precision breeding. 

Specially in the Global South, countries are complex actors and their socio- 
political and economic context and priorities would play a key role when deciding 
to what extent the adoption of regulation of precision breeding is relevant or not. For 
instance, countries that currently lack a biosafety regulatory system to assess the use 
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of LMOs or GMOs such as Small Island States or most Least Developed Countries 
in Africa would probably, in the future, also lack precision breeding regulations as 
such matter is not a key priority for these countries. Clearly, this phenomenon could 
obviously change over time. 


7 Summary 


In the Global South, 13 nations have adopted regulations or guidelines to govern 
some precision breeding techniques. Most of these countries have designed a simi- 
lar approach to assess the regulatory status of precision breeding products. The 
main criterion for such countries is whether or not the final product contains a novel 
combination of genetic material. To this aim, countries have designed a concept to 
legally define what novel combination of genetic material refers to. Such definition 
may vary or may be similar among nations. 

However, overall, most jurisdictions in the Global South require legal clarity 
about whether products or organisms derived from precision breeding would be 
subject to biosafety regulation. For such countries, it is still not clear whether preci- 
sion breeding products would be classified as LMO or GMOs, and therefore be 
subject to regulatory oversight under biosafety laws. Further studies are required to 
explore the interest or current developments of such countries to design regulations 
or guidelines to regulate some precision breeding techniques. 

This section provided an overview of key definitions under international and 
national legislation to clarify the regulatory status of precision breeding products. 
This was done by assessing provisions under the CPB and national biosafety laws 
in selected countries in the Global South. This hopefully would aim to provide a 
baseline and a global perspective for further discussion about the regulatory status 
of precision breeding in other nations. 


8 Further Reading 


For a detailed overview of the LMO definition see [10] and revise the CPB. With 
regards to the GMO definition, read the national biosafety legislation and regula- 
tions of GMOs of the country of interest. Such legal instruments are available in the 
national gazettes or official journals of each country. 
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Chapter 27 A 
CRISPR Processes Patents in Green gaa 
Biotechnology: Collaborative Licensing 

Models 


Agnès Ricroch 


Abstract A strong patent system is necessary to enable innovation by incentivising 
investments in research and development (R&D) and promoting the dissemination 
of knowledge, including through licensing, as this is considered vital for the devel- 
opment and commercialisation of new products. The new genomic techniques 
(NGTs) defined by the European Union (EU) in 2021 include the CRISPR system 
which can selectively modify DNA sequences in a genome. More than 11,000 
CRISPR-related patent applications have already been filed worldwide mainly in 
USA and China. The proliferation of patents on CRISPR for green biotechnology 
applications and the dispute between two of the technology’s inventors (UC 
Berkeley and the Broad Institute of MIT, USA) could be barriers to innovation. With 
regard to intellectual property (IP) and the patent protection, the conditions and 
opportunities of alternative licensing models to overcome the difficulties created by 
the complex patent landscape of CRISPR technology are examined. Patent pools 
and clearing houses are the two models attracting most interest that leads to a one- 
stop licensing point allowing cross-licensing and facilitating freedom to operate. 
The conditions for success and acceptability of collaborative licensing platforms are 
discussed. 


1 The Protection of New Genomic Techniques (NG Ts) 


Plant biotechnology research for new traits and thus the development of new variet- 
ies is risky and costly. Plant innovation needs a return on investment to encourage 
private research and public-private partnerships [1]. Intellectual Property (IP) is a 
tool used to: (i) disseminate knowledge and innovation to speed-up innovation 
cycles, (ii) encourage collaboration and open innovation, (iii) build a sustainably 
growing knowledge and innovation pool, (iv) enable fair access and benefit sharing, 
and (v) prevent creation misappropriation and, when owned or licensed, allows for 
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so-called freedom-to-operate (FTO). An FTO analysis (or clearance/infringement 
search) clarifies if a product or its potential commercialization infringes on other 
existing IP rights. It is an expensive undertaking. It begins by searching for issued 
or pending patents and thereafter, involves analysing the claimed scope of protec- 
tion to get a legal opinion as to whether the product, process, or service potentially 
infringes on any patents owned by others. It establishes a list of potential patent 
holders, with whom the future (prospective) licensee must then contact and success- 
fully negotiate a license for each patent. The negotiation process involves costs for 
both the licensee and the patent holders. On 29 April 2021, the European Commission 
(EC) published a study on the status of new genomic techniques (NGTs) that defined 
NGTs as “techniques capable of modifying the genetic material of an organism that 
have emerged or been developed since 2001”, i.e. after the existing EU legislation 
on genetically modified organism (GMO) was adopted in 2001 (Directive 2001/18/ 
EC of the European Parliament and of the Council of 12 March 2001 on the deliber- 
ate release into the environment of genetically modified organisms and repealing 
Council Directive 90/220/EEC). NGTs include (i) CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats), TALEN (Transcription Activator-Like 
Effector Nucleases), zinc-finger nucleases, meganuclease techniques, and prime 
editing; (ii) mutagenesis techniques, such as oligonucleotide directed mutagenesis; 
and (iii) epigenome-editing techniques, such as RNA-dependent DNA methylation. 

With regard to IP and the patent protection of biotechnological inventions (under 
Directive 98/44/ECS54), this EU study acknowledged the benefits of patents and 
licensing in promoting innovation and the development of NGTs and their products. 
The licensing landscape is developing rapidly with licensing agreements, some 
exclusive, some non-exclusive, on a diverse range of CRISPR technologies and 
application fields, from agriculture to therapeutics. More than 11,000 CRISPR- 
related patent applications have already been filed worldwide, with the majority 
being filed in USA and China [2] leading to some concerns about the complex pat- 
ent landscape for NGTs with multiple players holding patents, and uncertainty sur- 
rounding the IP situation. /PStudies, a company based in Switzerland, has compiled 
a list of more than 100 variants of CRISPR enzymes beyond the best-known discov- 
ery of Cas9 in 2012, with some commercial players attempting to claim them 
exhaustively to ensure as much IP exclusivity as possible (dCas, dCas9, Cas12a, 
Cas13a...). 

Prime editing, using a modified Cas9 protein that makes a single-stranded cut 
substantially expands the scope and capabilities of genome editing, a versatile and 
precise method that directly writes new genetic information into a specified DNA 
site (see Chap. 3). Prime editing shows higher or similar efficiency and fewer by- 
products than homology-directed repair, has complementary strengths and weak- 
nesses compared to base editing, and induces much lower off-target editing than 
Cas9 nuclease at known Cas9 off-target sites. CRISPR-Cas-based techniques are 
still evolving and the list of NGTs is expected to expand further in the coming years 
(e.g. base editing). New CRISPR-associated enzymes have been engineered, such 
as base editors that are better able to make specific edits. 
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However, optimized tissue culture and transformation protocols should be in 
place to make genome editing a routine tool for plant breeding. More than 370,000 
higher plant species exist in natura. But scientists can only make transformation 
(transgenesis and genome editing) successful in a few dozens of these. 


1.1 Patents Characteristics 


The protection conferred by a patent to biological material possessing specific char- 
acteristics that result from an invention [1]. (i) Patents usually have a term of protec- 
tion for 20 years (starting from the filing of the application). As with all IP rights 
(IPRs), patent protection is also territorial, meaning that it provides protection only 
on a given territory. The scope of a patent on an invention is determined by the so- 
called patent claims. (ii) The protection conferred by a patent to biological material 
possessing specific characteristics that result from an invention, shall extend to any 
biological material which has derived from the original biological material through 
propagation or multiplication and possessing those same properties. Noting that in 
the case of a self-replicating biological material, the right of exhaustion does not 
apply at the first sale. (iii) A patented biotechnological invention incorporated into 
a variety remains protected in this variety but by no means is the variety itself pat- 
ented, as this would be contrary to EU legislation prohibiting the patenting of variet- 
ies. Thus, the genome of this variety, when it no longer contains the patented 
biotechnological invention, is completely free of patent rights. 

Under the European Patent Convention which has been amended by the deci- 
sions of the Administrative Council since the publication of the 17th edition 
(November 2020), patents are granted only for inventions that are new, involve an 
inventive step and are industrially applicable. An invention meets these require- 
ments if it: (1) was not known to the public in any form, (ii) is not obvious to a per- 
son skilled in the art, and (ii) can be manufactured or used industrially. They are 
valid in individual countries, for a specified period. New plant varieties in the EU 
are completely excluded from patentability. Plant variety rights are regulated under 
Council Regulation (EC) No 2100/94 of 27 July 1994 on Community plant variety 
rights. In Europe, transgenic or edited plants carrying a patented event (transgenic 
or edited trait) fall within the scope of the patent because this element is not limited 
to a single variety and at the same time a transgenic or edited variety can also be 
individually protected by a Plant Variety Protection (PVP) certificate. 


1.2 The CRISPR Patent Dispute and Legal Uncertainty 


Biotechnology in agriculture is a lucrative industry and its growth is going to con- 
tinue. Universities hold most of the key patents using the CRISPR technology 
needed to deploy this technology [3]. Thus, the role of the public sector in 
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fundamental research and surrogate companies such as the University of California, 
Berkeley, the Broad Institute of MIT, and Harvard, USA, are very relevant in hold- 
ing fundamental/key patents of CRISPR technology. Key patents have no economi- 
cally viable substitutes; a party needs a license to utilize the Intellectual Property 
Right (IPR) [4]. 

There has been extensive interest in IP issues surrounding CRISPR, including a 
patent dispute between two of the technology’s inventors, Jennifer Doudna (the 
University of California, Berkeley, USA) and Emmanuelle Charpentier (currently in 
Max-Planck Institute, Germany) on one side, and Feng Zhang (the Broad Institute 
of MIT and Harvard, USA) on the other over who first invented the gene-editing 
system and who should benefit from key patents [2]. This CRISPR-Cas9 dispute, 
which began in 2016, is still ongoing. 

Companies now also have the option of avoiding these key patents (UC Berkeley, 
the Broad Institute and Harvard) altogether by using different CRISPR systems. 
Such systems occur naturally in many bacteria and Achaea and can have various 
properties. Relatively few of these use CRISPR—Cas9; instead, they use alternative 
enzymes such as Cas12a, Cas13a or Cas14, the latter being remarkably small and 
easy to transport into human cells. Labs have also engineered new CRISPR- 
associated enzymes, such as base editors, that are better able to make specific edits. 

The IP around CRISPR is becoming increasingly complex. Commercial deploy- 
ments are complicated by the legal uncertainty associated with the lack of patent 
clarity on CRISPR. Indeed, in the context of the dispute, patent offices in the USA 
and the EU have issued different decisions on the validity of CRISPR patents. The 
United States Patent and Trademark Office (USPTO) has repeatedly ruled in favour 
of the Broad Institute and, on February 28, 2022, determined that it was the first 
inventor. The decisions are on who is entitled to receive patent protection [5]. In the 
EU, since the main CRISPR-Cas9 patents in the Broad Institute’s portfolio were 
rejected due to lack of documentation, UC Berkeley is considered first by the 
European Patent Office (EPO) (“EP2800811” (November 10, 2020)). There is a 
need for greater clarity in patent rights in order to make researchers feel secure in 
developing further technological innovations using the CRISPR system. 

Despite this legal uncertainty as to the final determination of ownership and pat- 
entability, the licensing landscape is developing rapidly with licensing agreements, 
some exclusive, some non-exclusive, on a diverse range of CRISPR technologies 
and application fields, from agriculture to therapeutics. 


2 Alternative Models: Licensing Platforms and IP 
Clearing Houses 


The current CRISPR patent landscape presents a variety of barriers to research, 
innovation and profit. In order to overcome the difficulties created by the overall 
presence of patents, academics and breeders of the private sector are debating 
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alternative licensing models. Patent pools and clearing houses are the two models 
attracting most interest. 


2.1 Concerns 


Patent Profusion With a steady increase of more than 200 patent families pub- 
lished each month IP studies shows the emergence of several new trends concerning 
both the enabling technology itself, and application developments. There are so 
many property rights in the hands of various owners—with whom parties must 
reach agreements to enable them to aggregate the rights they need in order to legally 
perform their activities—that it will prove difficult to negotiate licences for patented 
inventions successfully. High transaction costs may stand in the way of an agree- 
ment. If a high number of agreements with rights holders is required, transaction 
costs may lead parties to decide that the bargaining process is not worthwhile. 
Hence, a socially optimum level of consumption of the resource may not be 
achieved, resulting in “under-utilization” of the property which will have a blocking 
effect on further innovation. Moreover, the fact that licensees have to acquire many 
licences in order to avoid patent infringements, may lead to elevated royalty fees, 
caused by royalty stacking. Because the licensee will usually pass on the cost of 
these fees to the final consumer, the final development and manufacture of products 
may be obstructed [6]. 


A growing cause for concern in the CRISPR sphere is the so-called “tragedy of 
the anticommons.” There are two reasons why anti-commons could affect the 
CRISPR patent pool; a thicket of patents, and the current licensing model being 
implemented. (i) There is a potential “thicket” of patents in the CRISPR sphere with 
some fragmentation of IPRs because the technology tends to be patented and 
licensed on a gene-by-gene basis. (ii) The surrogate licensing model currently in use 
raises concerns about research bottlenecks [7]. A research bottleneck could occur 
because the exclusive licensing to surrogates has limited the availability of CRISPR 
technology as a global platform, and traditional protections against the overly broad 
surrogate licenses will not work. 


Concentration of Players The concentration of players in the seed market has led 
to high seed prices, reduced seed variety choices, and great dependence on farmers. 
Transgenesis technology has led to an increased concentration of ownership and 
power in agri-food systems through patents, contracts and licence agreements. 
Patent rights and the way they are granted and exercised contribute to a decrease in 
the diversity of breeding companies and threaten innovation in plant breeding. It is 
argued that the position of patents, combined with technological developments, has 
led to substantial consolidation of breeding companies in recent decades. 


Farmers and producers fear that their freedom of choice will be threatened and 
that no varieties specifically meeting their needs will be developed for certain crops 
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(orphan or underutilized crops). Genome editing holds great promise for increasing 
crop productivity, and there is particular interest in advancing the breeding of orphan 
crops, which are often burdened by undesirable characteristics resembling wild 
relatives. In order to diversify cropping systems, orphan or underutilized crops are 
better adapted to local or marginalized environments [8]. 


Access for Small and Medium-Sized Enterprises (SMEs) to Patents The high 
cost of patenting innovations and high patent licence fees can be a barrier to market 
entry for SMEs (together with high business concentration) due to; (i) the complex- 
ity of patenting and the resulting monopolization, (ii) the licensing of patented prod- 
ucts and the respective transaction costs, and (iii) the lack of transparency and FTO 
analyses, e.g. due to the complex patent landscape of the CRISPR technology. These 
same aspects may limit access to NGTs as mentioned in the EC study on the status 
of new genomic techniques in 2021. 


2.2 Some Solutions of Collaborative Licensing Models: 
The Patent Pools 


Alternative collaborative licensing models such as patent pools and IP clearing 
houses may play a significant role in facilitating access to patents and untangling a 
potential patent “thicket”. 

A patent pool for the purpose of joint package licensing is an agreement between 
two or more patent owners to license one or more of their patents as a package either 
to one another or to third parties willing to pay the associated royalties [9]. The 
package is managed either directly by patentees to licensees, or indirectly through a 
new entity specifically established to administer the pool. The first licensing pool 
was established in 1856 among members of the sewing machine industry. More 
recently some pools are being established in biotechnology, such as the Golden Rice 
pool or the SARS-1 (severe acute respiratory syndrome) pool. 

This package of IPRs is then licensed on a non-exclusive basis, providing licens- 
ees with affordability and FTO, while giving licensors adequate royalty returns 
[10]. A patent pool can provide competitive advantages by integrating complemen- 
tary technologies, reducing transaction costs, clearing blocking positions, and 
avoiding costly infringement litigation. By promoting the dissemination of technol- 
ogy, patent pools can be pro-competition. 

Classically, the creation of a patent pool involves four major characteristics. (1) 
It is built around the voluntary inclusion of key and specific IPR holders. (i) “Key” 
patents are those that have no economically viable substitute; a party needs a license 
to use the IPR. Key patents are those for which the application is general, such as a 
technique that applies to all genomes. (ii) “Specific” patents are those for which the 
application is specific (such as a modification of a genetic sequence for a given trait 
in a given species). (2) It relies on a model. A model is an attempt to encapsulate the 
details and patents necessary to enable uniformity of practice across a diverse range 
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of implementations. (3) It requires pool administrators to conduct an in-depth and 
continual search of the patent landscape. Thus, a patent pool must be open to all IPR 
holders, but each patent must be analysed individually to determine if it is needed 
before possible inclusion; independent high-level scientists and lawyers analyse 
both the patent landscape and the potential key patents. (4) It can be subject to anti- 
competition laws. Any issues regarding anti-competition laws and patent pools have 
largely been resolved following the decision of the Department of Justice to grant 
MPEG LA pro-competitive clearance in 1997. The starting point for an anti-trust 
analysis of any patent pool is an investigation of the validity of the patents and their 
relationship with each other. 

In the absence of a patent pool, users (licensees) have to enter into negotiations 
with all relevant patent holders, which is a time-consuming and expensive process. 
In the presence of a patent pool, licensees turn to the patent pool for the rights as one 
package, which results in simplification and a significant reduction of transac- 
tion costs. 


Example: MPEG LA 

The platform MPEG LA, an independent licensing agent based in Denver (USA), 
aims to pool CRISPR-Cas9 patents into a one-stop licensing point (accessibility to 
a multi-user market will maximize CRISPR’s life-enhancing potential) [11]. Its 
model offers fair, reasonable, and non-discriminatory access to essential IP from 
multiple patent holders under a single license as an alternative to separate licenses. 

By assisting users with the implementation of their technology choices, MPEG 
LA offers licensing solutions that provide access to fundamental IP, freedom to 
operate (FTO), reduced risk of litigation, and predictability in the business planning 
process. In turn, this enables inventors, research institutions, and other owners to 
monetize and accelerate market adoption of their assets in the global market while 
also substantially reducing the cost of licensing. 

The CRISPR-Cas9 Reference Model is authored by MPEG LA for MPEG LA’s 
use in the formation of a CRISPR-Cas9 Joint Licensing Platform which aims to 
provide one-stop, worldwide licenses to CRISPR-Cas9 patent rights as a convenient 
alternative to negotiating separate licenses with individual patent owners, and pur- 
sues the broader purpose of fostering innovation in genome engineering and accel- 
erating the development and deployment of CRISPR-based products, therapies, and 
services. The Reference Model is intended only to support the efficiency of a single 
licensing transaction that allows access to as many specific patents as possible for 
the benefit of the market and is consistent with applicable legal requirements. 
Inclusion requires that at least one claim is directed to the CRISPR-Cas9 System. 
MPEG LA’s CRISPR Cas-9 Joint Licensing Platform will give technology owners 
the opportunity to share in mass-market royalties from their CRISPR technology 
while also enjoying, with other developers, broad access to other important CRISPR 
technologies. As a voluntary, market-based business solution to the problems relat- 
ing to patent access, designed to balance and resolve competing market and public 
interests, an independently managed patent pool represents the greatest opportunity 
to unleash CRISPR’s full potential for the benefit of humanity. 
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To ensure that no single party has control over the licensing of the package, the 
organisation works with all the included patent holders to create a single set of 
licensing terms and conditions, upon which all included patent holders must agree. 
The patent holders also hold most of the enforcement powers. While MPEG LA can 
enforce contractual provisions, it does not file patent enforcement lawsuits on its 
own; instead, it must notify the patentees that they may want to file an enforce- 
ment suit. 

MPEG LA develops its “CRISPR-Cas9 Reference Model”, which describes how 
to patent essentiality will be determined with respect to the CRISPR platform (the 
CRISPR-Cas9 System is defined). This outline of essentiality in MPEG LA’s 
Reference Model is meant to encompass all patents key and specific to the underly- 
ing CRISPR platform. If a patent meets the established criteria, it will be eligible for 
inclusion in the pool. To collect these platform patents, MPEG LA is seeking 
“target-agnostic” patents that do not require a specific genome. The Reference 
Model discloses the criteria for pool inclusion. MPEG LA’s initiative was to provide 
a worldwide non-exclusive license to multiple patents held by multiple entities in a 
single transaction. 


2.33 Some Solutions of Collaborative Licensing Models: 
The Clearing House Models 


An alternative mechanism supporting licensing negotiations is the clearing house 
model. The term clearing house is derived from banking institutions and refers to 
the mechanism by which cheques and bills are exchanged among member banks in 
order to transfer only the net balances in cash. The platform may provide informa- 
tion on patented technologies, bring together potential providers (licensors) and 
users (licensees) of patented technologies, and may provide additional services, e.g. 
negotiating licensing conditions, and collecting and distributing royalties. An IP 
clearing house was analysed for agricultural biotechnology [12]. 

They are five models of clearing houses: (1) The information clearing house, (2) 
The technology exchange clearing house, (3) The open access clearing house, (4) 
The standardized licenses clearing house and (5) The royalty collection clearing 
house (RCCH). The RCCH model could be useful in providing access to and use of 
patented inventions in NGTs and novel traits. 

The RCCH comprises all the features of the previous models (1, 2 and 4), but 
also collects license fees from users on behalf of the patent holder in return for the 
use of certain technologies or services. For the user, RCCH organizations would 
simplify licensing negotiations and, therefore, facilitate access to and use of pat- 
ented inventions. For the patent holder, increased visibility of their patent rights and 
the streamlining of royalty collection and monitoring may lead to a rise in licensing 
and thus, licensing revenue. At the same time, awareness and respect for IPRs may 
grow among researchers and their public and private institutions, leading to 
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decreased enforcement costs through fewer infringements. Hence, a reasonable 
price for licensees (royalties, transaction costs) and licensors (royalties, transaction 
costs, and enforcement costs) may be achieved. The patent holder is reimbursed by 
the clearing house pursuant to a set allocation formula. In addition, a RCCH may 
offer other services such as the monitoring of patents transferred to the clearing 
house or an independent dispute resolution mechanism. 

However, the RCCH may have some drawbacks. (i) Patent holders may be reluc- 
tant to voluntarily participate in it. They would have to grant a licence to the clearing 
house which would then issue licences to all applicants without discrimination and 
on a non-exclusive basis in accordance with competition law. As a consequence, 
patent holders would lose some control over their business licensing strategy. (ii) 
Unless the RCCH represents a high proportion of all relevant patented inventions, it 
might not be a viable and effective alternative, nor could it prevent the emergence of 
an anti-commons effect. (iii) RCCH might be more complicated and costly to set up 
in comparison with the other clearing house models. Experts (high-level scientists 
and lawyers) will have to be hired to evaluate the often very complex patents, to 
match licensees with the patented inventions, to develop standardized licence agree- 
ments, and for monitoring and dispute resolution purposes. (iv) The standardized 
licences might not allow for measures highly appreciated in commercial licensing 
practices, such as the setting of milestones, due diligence, and the maintenance of 
long-term business relationships. (v) The exchange of relevant technical know-how 
is often fundamental for the smooth application and further development of a pat- 
ented invention. Know-how is generally protected as a trade secret, but the clearing 
house will probably not be able to guarantee the preservation of secrecy when 
know-how is exchanged. Thus, with respect to complex technologies, direct nego- 
tiations between the licensor and the licensee on the issue of know-how may still be 
required, which may diminish some of the advantages of the royalty collection 
clearing house. This drawback might be a reason to advocate for the establishment 
of an RCCH that is limited to inventions that do not require the exchange of techni- 
cal know-how, such as patented DNA sequences and mutations. 

In the absence of a clearing house, licensees must enter into negotiations with all 
patent holders. In the presence of a clearing house, licensees turn to the patent pool 
for the acquisition of required rights. 


Example: Agricultural Crop Licensing Platform (ACLP) 

The ACLP, located in Brussels (Belgium), is open to all private or public sector 
organizations involved in plant breeding or trait research and development, and hav- 
ing employees and tangible assets in the ‘territory’ (the geographical scope of the 
ACLP is 38 member states of the EPO along with Russia and Ukraine). The initia- 
tive is currently driven by 10 European plant breeding companies and trait develop- 
ers representing a wide range of agricultural crops and includes small, medium-sized, 
and large companies. The ACLP is financed by membership fees. Small members 
enjoy free membership during the five first years of the existence of the ACLP. The 
scope is all patented traits present in commercial varieties that are sold on the open 
market in the ‘territory’ (“Trait”) and all agricultural crops as defined by CPVO 
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(The Community Plant Variety Office is the EU agency responsible for protecting 
plant variety rights (PVR) in the EU). The ACLP provides an innovative, simple 
legal framework for all breeders to use and enables transparent access to patented 
traits including genome edited traits. 

This initiative provides breeding and guaranteed marketing rights for commer- 
cial traits which in turn fosters the transfer of technology. Transparent information 
on all commercial varieties that contain patented traits within the territory is shared 
via PINTO (Patent Information and Transparency On-line). PINTO was established 
with the aim of improving transparency regarding plant varieties that might fall 
under the scope of patents or patent applications and is updated continuously by 
Euroseeds. 

The entitlement of members to a commercial variety containing a patented trait 
is established as soon as it is sold by a member on the open market in the Territory. 
Member’s rights are; (i) to obtain a non-assertion agreement from the patent holder 
for breeding in the Territory with the patented trait(s) including using its specific 
markers, (ii) to obtain a commercial license from the patent holder for the produc- 
tion and sale of the varieties, bred under the non-assertion agreement and containing 
the patented trait(s), within in the Territory. 

The key expected outcomes of the ACLP are as follows; (i) novel patented plant 
traits, including those produced by new genomic technologies, are available among 
ACLP members on fair conditions, (ii) the sustainable development of novel variet- 
ies be enabled by information and rights shared amongst members, under the frame- 
work of the ACLP, (iii) the facilitation of technology transfer will make it easier for 
the ACLP members to further innovate. 

Principal rights and obligations applicable to members of the ACLP Initiative 
are; (i) members are entitled to any commercial variety containing a patented trait, 
as soon as is sold by a member on the open market in the Territory; (ii) for members 
to obtain from the patent holder, a non-assertion agreement for the breeding of 
plants containing patented trait(s), including using its specific markers, within the 
Territory, (iii) for members to obtain from the patent holder, a commercial license 
for the production and sale of varieties, bred under the non-assertion agreement and 
containing the patented trait(s), within the Territory. 

Licensing can take the form of the Standard License Agreement (SLA) of the 
ACLP in which case only royalties need to be agreed between the patented trait 
holder and the interested member. In circumstances where no agreement on royal- 
ties is reached within a prescribed period of time, a process known as “Baseball” 
Arbitration [13] begins. 

The ACLP will foster bilateral agreements between members as the standard 
licensing agreement will not fit all specific factual situations best. The ACLP gives 
never less assurance that a commercial license will be available under the Standard 
License Agreement (SLA). For breeding activities, the ACLP acts as a technology 
exchange clearing house: all members get a non-assert for breeding activities which 
is not available in all states of the territory. The standardized licenses clearing house 
is also a component of the ACLP. 
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3 Success and Acceptability of Licensing Platforms and IP 
Clearing Houses 


3.1 The Public Sector 


The public sector plays an important role in fundamental research and represents a 
substantial source of IP in agricultural biotech. There are quantitative and qualita- 
tive distinctions between the public- and private-sector IP portfolios (1/3 of CRISPR 
patents are held by private companies) [2]. It is important to distinguish between 
‘enabling’ technologies representing the research tools needed to create NGT vari- 
eties, and ‘trait’ technologies which provide the genetic basis for new functional- 
ities. The public sector contributes more and more to the discovery of new trait 
technologies. The extent to which private and public-sector inventions can be used 
to assemble a platform of enabling technologies and gene-trait technologies suffi- 
cient to develop (new edited varieties) have been examined [12]. A major challenge 
facing the management of public-sector IP is the high degree of fragmentation of 
technology ownership across numerous institutions, especially in light of the need 
for multiple technology components to provide FTO in edited crops. Based in part 
on some of the economic principles of an ‘IP clearing-house,’ a model of public- 
sector collaboration, including data sharing and patent pooling, has recently been 
suggested as a solution that could directly address this issue. It seems that the tech- 
nologies patented by the public sector might indeed be capable of providing a plat- 
form of technologies that could be sufficient to enable the development of new NGT 
varieties and cultivars. Such a strategy may be particularly important in the future 
for sharing access to key enabling technologies and enabling innovators to develop 
and deploy the trait technology projects with the public sector. Public funding for 
research emphasizes the discovery of a wide spectrum of previously unknown gene 
functions whereas private research focuses on application-driven research in a nar- 
rower range of established product lines. 


3.2 Ethical Licensing 


Ethical licensing is one way of thinking about the role of universities and other 
public institutions in the regulatory process, but there is a wealth of other initiatives 
promoting ethical licensing. IP pooling, clearing houses and open source initiatives 
are examples of private ordering mechanisms that differ from solutions aimed at 
changing or harmonizing the legislative framework in that they are generated by the 
users themselves. Thus, a voluntary pool or a clearing house model could promote 
commercialization and include provisions for royalty-free research use by public 
institutions, while addressing ethical concerns about particular CRISPR applications. 

A successful patent pool could do more than solve licensing issues (fragmenta- 
tion and downstream litigation, the patent thicket and licensor issues such as the 
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surrogate licensing model). It could also mitigate ethical concerns. Point 9 in the 
Nine Points to Consider in Licensing University Technology (AUTM, Washington, 
DC, 2007) states: “Through thoughtful management and licensing of intellectual 
property, however, drugs, therapies, and agricultural technologies developed at uni- 
versities can at least help to alleviate suffering from disease or hunger in histori- 
cally marginalized population groups”. 

License restrictions could be used, in theory, to require that R&D funds be used, 
in part, to ethically promote access to NGTs (access for SMEs or to research/bio- 
tech institutes in developing countries) and also to develop traits for orphan crops in 
developing countries. 

MPEG LA and its prospective licensors could potentially solve said ethical 
dilemmas through ethical constraints in their licensing agreement (ethical limita- 
tions in their licensing agreements by granting licenses for only very specific appli- 
cations). This is largely the case with Monsanto’s license from the Broad Institute 
covering the use of CRISPR-Cas9 for a variety of agricultural purposes in 2016. 
This non-exclusive license agreement will deliver a wide array of crop improve- 
ments to global agriculture. The Broad Institute’s license to Monsanto covering the 
use of CRISPR-Cas9 for a variety of agricultural purposes requires Monsanto to 
allow its farming customers to save and re-sew seed from one season to the next, in 
contrast to some of Monsanto’s past practices. Requiring this of Monsanto provides 
greater access to the outcomes of CRISPR technology to farmers, who would oth- 
erwise be required to purchase expensive new seeds each year from Monsanto. The 
Broad Institute has used ethical limitations in their licensing agreements by granting 
licenses for only very specific applications (discussing Broad’s non-exclusive 
licensing with Bayer for specific agricultural applications such as genetic modifica- 
tion of plant varieties). In October 2017 DuPont entered into a joint non-exclusive 
licensing agreement with the Broad Institute for use in commercial agricultural 
research and product development (except gene drive and tobacco for human use) 
on the CRISPR-Cas9 IP held by the Broad Institute and its collaborators. 

Only genetic modification (mutation, allele replacement or gene insertion) by 
NGTs can be patented. Prohibiting patents on native sequence, crossover processes 
and random mutations is important in defending the principle that all the informa- 
tion contained in a plant genome belongs to the scientific heritage of humanity. 


3.3 Open Licensing Systems (with CRISPR IP Research 
Tools Available) 


Companies would benefit from a CRISPR patent pool that would provide a non- 
exclusive license to CRISPR as a research tool, and it would appear that many of the 
exclusive licenses already granted would permit this field of use to be included in a 
pool license. 

In the context of CRISPR, this non-commercial use is done through a non-profit 
repository and licensor of patents on CRISPR technologies for academic 
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organizations. AddGene, a company (a non-profit organization) based in the USA 
and UK, serves academic and non-profit institutions that provide access to CRISPR 
constructs and plasmids through a standardized Biological Material Transfer 
Agreement (BMTA). AddGene's BMTAs contain patent licenses for the academic 
use of the underlying technology. For example, the University of California, the 
Broad Institute, and hundreds of other institutions have agreed to make many of 
their CRISPR IP research tools available for free or at a reduced cost through 
AddGene [14]. 


3.4 Patent Quality 


The scope of patents should be clearly defined for two major reasons. (i) When the 
product (a trait in crops) is only vaguely defined and its essential character is diffi- 
cult to determine, the utility of the pool may be diminished in upstream research, as 
1t may be too narrow to be useful for product development. (ii) Biotech patents tend 
to be incomplete meaning that the innovation must be completed before the final 
product is incorporated and brought to market. Incompleteness and long develop- 
ment cycles can make it difficult to define specific patents. This can be a problem 
because, if a pool does not contain specific rights, the pool may no longer be a one- 
stop licensing point for potential licensees. 


4 Conclusion 


Although patent pooling (licensing platforms and IP clearing houses) is an attractive 
solution for the licensing of IPR in fragmented fields such as NGTs, there are many 
challenges that could hinder the formation of such a pool. Public perception of 
NGTs is critical to their adoption by the market. Understanding and awareness 
enable consumers to make informed choices, therefore it is necessary to provide 
consumers with information. With respect to IP and patent protection, alternative 
licensing models could overcome the difficulties caused by the complex patent 
landscape of CRISPR technology. Patent pools and clearing houses are a promising 
approach. When access and use to a certain technology are hindered by the exis- 
tence of multiple patents, a patent pool could be a useful model to facilitate access 
and reduce potential litigation risk. The package of IPRs is licensed on a non- 
exclusive basis, allowing licensees to benefit from affordability and freedom to 
operate while providing licensors with adequate royalties. Non-exclusive licensing 
schemes could allow many companies to enter the market, creating a commercial 
ecosystem that has strengthened innovation and the economy. The ACLP, a clearing 
house, can be mentioned as a solution for products produced by the CRISPR tech- 
nology for plant breeding in the agricultural sector in Europe. A CRISPR patent 
pool depends on the willingness of a sufficient number of IP owners to join the pool 
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to ease licensing burdens and costs. The CRISPR platform will take off in a big way 
when a major company and all key players (major research institutions) announce 
that they will join the patent pool. The platform should be a low-complexity plat- 
form that lawyers and breeders are familiar and comfortable with. 
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Part IV 
Public and Stakeholder Perceptions 


Chapter 28 A) 
The View of the European Seed Sector KETE 
on Genome Editing Tools in Plant Breeding 


Petra Jorasch and Nick Vangheluwe 


Abstract Reconciling sustainability with agricultural productivity relies strongly 
on crop improvement. The continuous development of new plant breeding methods 
and high investment in crop research has triggered an unprecedented acceleration of 
progress in crop productivity. Companies active in the seed sector are innovative to 
meet the challenging and ever-evolving needs of growers, farmers, consumers, and 
other actors of the agri-food value chain. Communication and stakeholder engage- 
ment are extremely important to identify shared values and goals in the transition to 
more sustainable food systems. The seed sector is characterised by a multitude of 
collaborations and partnerships that contribute to the development of improved, 
high-quality, and diverse plant varieties that address specific market needs. In this 
article, we describe on behalf of Euroseeds the view of the European seed sector on 
plant breeding innovation. 


Keywords European seed sector : Plant breeding - Genome editing 


1 Plant Breeding Has a Track Record to Contribute 
to Sustainability 


Plant breeding involves processes by which new technologies and findings from 
plant sciences and other research domains are transformed into improved plant vari- 
eties. Plant breeding has strongly contributed to increased yields and production in 
arable farming, and subsequently to improved market and trade conditions, increased 
food availability, higher economic prosperity and additional farm income while 
avoiding additional land use, greenhouse gas (GHG) emissions, and loss of biodi- 
versity [1]. 

Scientists have shown for instance for wheat, which is a major staple food around 
the world, that resistance breeding can contribute to achieving the United Nations 
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Sustainable Development Goals (SDGs) [2]. They were able to show that resistance 
breeding in wheat has increased crop production, and hence the economic profit- 
ability due to a reduction in the use of fungicides. Another study could verify that 
five decades of wheat breeding progress in western Europe has enhanced cultivar 
performance not only under optimal production conditions but also in production 
systems with reduced agrochemical inputs. New cultivars incrementally accumu- 
lated genetic variants conferring favourable effects on key yield parameters, disease 
resistance, nutrient use efficiency, photosynthetic efficiency, and grain quality [3]. 

Europe’s seed sector is committed to delivering on the SDGs (2, 3, 8, 9, 12, 13 
and 15) by improving the sustainability of food production, by maintaining and 
promoting Europe’s high food quality and standards, by ensuring that the European 
agri-food sector can remain fair and competitive, and by contributing to Europe’s 
climate, environmental and biodiversity goals. The European Union (EU) Farm to 
Fork (F2F) strategy includes several policy objectives that have implications for 
agricultural production in the EU and beyond. 

Plant breeding in the EU contributes to socio-economic and environmental sus- 
tainability and can partially compensate production losses potentially resulting 
from the implementation of the EU F2F and Biodiversity strategies [4]. Policy mak- 
ers seem to have implicitly concluded that the additional net benefits resulting from 
the EU F2F and Biodiversity Strategies outweigh the losses in production surplus. 
But studies do not support this claim without further technological and institutional 
changes, such as supporting the application of modern biotechnology by reducing 
regulatory hurdles for plant-based innovations [5]. Modern plant breeding including 
biotechnological tools must be enabled to provide farmers more efficiently with 
improved plant varieties to sustainably secure their productivity [1]. 


2 The Ever-Evolving Plant Breeders’ Toolbox 


Like evolution itself plant breeding depends upon genetic variability within crops 
and their relatives as a basis for developing new plant varieties with improved char- 
acteristics. For thousands of years, humans have been improving crops to suit better 
their needs. Conventional plant breeding methods, transgenesis or newer plant 
breeding methods are all important components of the plant breeders’ toolbox 
(Fig. 28.1). By building on the mechanisms created by nature, most of the latest 
innovations in plant breeding methods simply reduce the complexity of breeding 
and achieve the relevant breeding goals in less time and with greater precision. 
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Fig. 28.1 Integration of new plant breeding tools into the breeding cycle. Plant breeding depends 
upon genetic variability within crops and their relatives as a basis for developing new plant variet- 
ies with improved characteristics. Plant breeders are continuously integrating the latest methods in 
plant biology and genetics into their breeding toolbox to efficiently use existing diversity but also 
to induce new genetic variation. Over the past years ever more precise and efficient plant breeding 
methods have been developed. This plant breeding innovation leap is based on an in-depth under- 
standing of plant genomes and refinement of breeding methods, enabling more efficient, more 
precise, and faster progress in achieving the desired breeding goals 


3 The Role of New Breeding Techniques According 
to the European Seed Sector 


The targeted development of improved plant varieties is important to mitigate cli- 
mate change effects like new plant pests or diseases. These can be devastating to 
crops and lead to huge pre-harvest losses. Other new plant varieties provide quality 
improvements, such as better taste (e.g., in fruits and vegetables), processing advan- 
tages or nutritional enhancements, such as desirable proteins or lower saturated fats. 
In addition, New Genomic Techniques (NGTs) -such as genome editing- are tech- 
nologies that could also facilitate the improvement of so-called orphan species that 
have benefitted little from innovations in genetic selection as well as the domestica- 
tion of related wild species thus increasing the genetic diversity within crop spe- 
cies [6]. 

The results of a survey among 62 private plant breeding companies conducted by 
Euroseeds highlights the enormous interest of companies in using NGTs for a wide 
range of crop species and traits and the negative impact of the current regulatory 
situation in the EU on companies’ decisions for investments in NGT-related research 
and development (R&D) activities for the EU market and beyond [7]. 

The Commission study on NGTs [8] confirmed that plants resulting from NGTs 
have the potential to contribute to a more sustainable food system as part of the 
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objectives of the European Green Deal and the F2F Strategy. At the same time, the 
study found that the current genetically modified organism (GMO) legislation, 
adopted in 2001, is not fit for purpose for these innovative technologies. This was 
also confirmed by the results of the public consultation conducted by the Commission 
as part of the impact assessment to draft a policy proposal. Almost 80% of the par- 
ticipants who responded to the consultation acknowledged that the current regula- 
tory framework is not adequate for plants resulting from targeted mutagenesis and 
cisgenesis [9]. 


4 Communication Practices and Needs for Plant 
Breeding Innovation 


The EU-funded Horizon 2020 project CropBooster-P assessed European stakehold- 
ers’ information and communication behaviour on plant genome editing including 
survey results of a total of 100 respondents from the seed and plant breeding sec- 
tor [10]. 

The most referred crop characteristics communicated about by breeders and seed 
and plant breeding organisations relate to yield and yield stability. This suggests that 
communication about economic aspects of crop production and economic sustain- 
ability of farmers (as the customers of new seeds) are of utmost importance. 
Breeders and seed and plant breeding organisations stressed the importance to com- 
municate safety as well as sustainability aspects in future efforts (Fig. 28.2). This 
does not necessarily imply that safety communication is a consequence of a 
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Fig. 28.2 Ranking of topics for future communication efforts by breeders and seed and plant 
breeding organisations. N = 94 
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Fig. 28.3 Word cloud of examples for effective communication based upon the free text answers 
in the survey from breeders and seed and plant breeding organisations 


risk-focused approach. For breeders, safety and quality are important because seeds 
are at the basis of food safety and health requirements related to crops that are 
grown for food, feed, and bio-based production [11]. 

The potential benefits, examples of applications, and comparisons of genome 
editing and conventional breeding methods were identified as the most important 
topics to communicate about NGTs. This indicates that the ongoing policy discus- 
sions in Europe about a differentiated regulatory framework for plants resulting 
from targeted mutagenesis and cisgenesis resonate with breeders. 

Finally, respondents could share in the survey examples of communication relat- 
ing to plant research, crop improvement and breeding or crop production which, in 
their experience was effective. The answers were thematically analysed to identify 
recurring topics, which are depicted in the word cloud below (Fig. 28.3). Most 
shared experiences by the seed and plant breeding sector are explaining the basics 
of plant breeding and its benefits to consumers and primary producers as well as 
providing specific examples (e.g., the need to reduce pesticide use) and engaging 
with interested stakeholders on field days and participatory events. 


5 A Multitude of Collaborations in the Seed Sector 


The seed and plant breeding sector engages with many different stakeholders as 
R&D activities take place along the value -and process chains from the field to the 
shop counter to meet the challenging and ever-evolving needs of farmers and other 
actors of the agri-food value chain, including consumer preferences and policy 
objectives. In addition, cooperation between companies, public research institutes 
and other actors is important to address research needs and gaps in crop improve- 
ment strategies. A multi-stakeholder perspective on the role of crop improvement in 
future-proofing the European food system was developed in the CropBooster-P 
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project, which revealed that for instance examining downstream sustainability 
impacts will be valuable to identify concrete targets for plant breeding innovation as 
a food systems solution [12]. 

COST actions are interdisciplinary research networks that bring together 
researchers and innovators from academia, small and medium-sized enterprises, 
public institutions, and other relevant organisations or interested parties to investi- 
gate a topic of their choice for 4 years [13]. The COST Action PlantEd has been a 
unique platform for multi-stakeholder engagement on the topic of plant genome 
editing [14]. The multi-actor approach put forward in H2020 and Horizon Europe 
research programmes, helps to facilitate the involvement of the seed and plant 
breeding sector in research projects to co-develop solutions, which could be more 
readily applied in. 

Sustainability, safety-related aspects, and transparency appear to be the most 
important topics for communication about plant genome editing by the surveyed 
stakeholders in the CropBooster-P project [10]. These stakeholders include aca- 
demia, farmers, seed and breeding sector, environmental and consumer organisa- 
tions, journalists, and policy makers. The topic of sustainability is primarily 
addressed in a supportive manner for NGTs [10]. However, environmental organisa- 
tions prefer to use rejective or neutral argumentation in communication about sus- 
tainability in the context of plant genome editing applications. Interestingly, 
respondents from consumer organisations address the topic impartially, presumably 
because no genome-edited products have been released on the European market 
yet [10]. 

The survey results suggest that focussing on sustainability in future communica- 
tion activities might increase the opportunity to agree on shared values among dif- 
ferent agri-food stakeholders. This is in line with the results of another survey where 
a majority of those surveyed at farm-level (70%), consumer-level (66%), and plant 
scientist (60%) respondents to the survey chose sustainability as the most important 
aim for crop improvement in Europe [11]. Sustainability could thus provide a good 
starting point for constructive discussions about the regulatory framework in 
Europe. This recommendation is supported by the outcome of two citizen juries 
with consumer experts and societal stakeholders. They concluded that the aware- 
ness of NGTs by society might be increased when their application serves goals 
with a societal dimension such as environmental sustainability, resilience, and qual- 
ity [15, 16]. 


6 It’s Time to Act 


Europe’s seed sector, technology developers and public researchers have been con- 
tributing to the development of improved plant breeding methods. The private seed 
sector is highly innovative and invests an average of 20% and up to 30% of its turn- 
over in R&D of improved plant varieties [7]. Each year more than 4000 new variet- 
ies are registered for cultivation in the EU [17]. In addition, plant breeding has a 
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proven track record for supporting sustainable agricultural production and NG Ts 
can provide additional sustainability options by increasing efficiency and reducing 
complexity in plant breeding. Communicating the benefits of plant breeding, and 
the potential of NGTs specifically, can be a starting point for a constructive public 
dialogue. 

NGT applications are versatile and can be used in the development of a wide 
range of different plant varieties. While NGTs may for some purposes be used to 
introduce a transgene and consequently result in a transgenic organism (transgenes 
are DNA fragments outside the plant species’ gene pool) [18], many other types of 
NGT-derived plants, e.g. those derived from targeted mutagenesis and cisgenesis, 
are similar to those that could occur in nature or be produced by conventional breed- 
ing methods [18], e.g. by induced random mutagenesis or backcross breeding. The 
European Food Safety Authority (EFSA) [19] concluded that certain plants obtained 
by targeted mutagenesis and cisgenesis do not pose any new hazards compared to 
plants developed by conventional breeding. 

Plant varieties developed through the latest breeding methods should therefore 
not be subject to different or additional regulations if they could also be obtained 
through earlier breeding methods or result from spontaneous processes in nature [20]. 

Worldwide, there is a growing number of countries that implement differentiat- 
ing and enabling policy approaches for NGTs. Their regulatory decisions consider 
the genetic characteristics of the genome edited organism, and whether the changes 
introduced in its genome can (or cannot) occur naturally [21]. One of the most 
recent examples of such enabling policies is the United Kingdom (UK) Precision 
Breeding Act. [22]. The bill excludes precision bred organisms from the GMO leg- 
islation and aims to encourage agricultural and scientific innovation in the UK and 
could unlock the potential of new technologies like genome editing to promote sus- 
tainable and efficient farming and food production. EU agriculture and some other 
of the EU’s most innovative sectors are at risk of being deprived of scientific prog- 
ress, putting them at a competitive disadvantage compared to their counterparts in 
other countries. 

Therefore, Europe should join the increasing number of countries that pursue a 
differentiated and efficient regulatory approach. The future legislation must provide 
clarity through principal definitions and unambiguous criteria that allow to clearly 
determine whether plants resulting from certain NGTs fall into the same category as 
conventionally bred plants (and thus should be regulated alike) or constitute GMOs 
according to the respective regulatory framework. 

The regulatory framework for GMOs in the EU (2001/18) is unworkable, specifi- 
cally for SMEs which constitute 90% of the EU’s seed and breeding sector [7]. The 
lengthy and costly procedures risk neutralizing any efficiency gains in breeding. 
Currently a GMO import approval takes more than 5 years between application and 
approval of the GMO dossier, the last and the only cultivation approval that realized 
into GMO cultivation in the EU dates to the end of the 1990ies. That makes it unat- 
tractive for companies to invest in those technologies. Under such conditions, NGTs 
will not deliver on the goals of the F2F and Biodiversity strategies. 
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Consequently, Europe’s leading position in innovative breeding is at stake, as are 
the EU’s sustainability goals, jobs in agriculture, their associated value chains, and 
international trade flows. 
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Chapter 29 A 
The Awareness of the Polish Society geat 
on New Genomic Techniques 


Wiktoria Mołodziejko, Justyna Nowakowska, and Anna Linkiewicz 


Abstract New genomic techniques (NGTs) are challenging from an ethical per- 
spective as well as from the legal and regulatory point of view. Acceptance of solu- 
tions by society is a factor that can determine the success of a technology. 
Increasingly, there is a growing gap between the solutions offered by biotechnology 
and the public, which with certain ambiguity evaluates biotechnological innova- 
tions. Here we investigate the level of knowledge of Polish society on NG Ts and the 
perception of this techniques. Our survey was carried out on a representative group 
of Polish citizens from August 2022 till January 2023, and was based on a 3-part 
self-developed questionnaire. Questions concerned: (i) demographic characteris- 
tics, (ii) the knowledge of the NGTs including the legal state of the NGT after a 
ruling European Court of Justice (Case C-528/16) and (iii) respondent’s attitudes 
towards the NGTs. As result, only 15% of respondents (n = 194) gave the correct 
definition of NGTs, 43% the respondents never encountered the term NGTs, and 
35% could not define it. The majority of respondents recognised the potential ben- 
efits of using the technology in agriculture as well as in healthcare, but they were not 
convinced about the potential personal use of NGTs if they were allowed in Poland. 


1 Introduction 


New genomic techniques (NGTs) represent a significant breakthrough and long- 
awaited methods for site-specific mutations in DNA and targeted genome editing, 
offering promising new tools for plant and animal breeding and finally for more 


W. Molodziejko 

Faculty of Biology and Environmental Sciences, Cardinal Stefan Wyszynski University in 
Warsaw, Warsaw, Poland 

e-mail: wiktoriamolodziejko1 @ gmail.com 


J. Nowakowska - A. Linkiewicz (b4) 
Laboratory of Molecular Biology and Genetics, Institute of Biological Sciences, Cardinal 
Stefan Wyszynski University in Warsaw, Warsaw, Poland 

e-mail: j. nowakowska @uksw.edu.pl; a.linkiewicz @uksw.edu.pl 


© The Author(s) 2024 481 
A. Ricroch et al. (eds.), A Roadmap for Plant Genome Editing, 
https://doi.org/10.1007/978-3-03 1-46150-7_29 


482 W. Motodziejko et al. 


sustainable food production. The use of NGTs allows to increase the efficiency and 
precision of mutations compared to the current breeding methods and can lead to 
the rapid obtaining of desired plant varieties and animal breeds [1, 2]. However, like 
any new technology, it has its pros and cons that can be highlighted in the public 
debate and influence consumer decisions. So far, there is no international consensus 
on whether and how the products of certain NGTs techniques like CRISPR/Cas9 or 
TALENSs should be regulated and whether their use would fall within the genetically 
modified organisms (GMOs) regulatory framework [3]. The European Union (EU) 
defines NGTs as “techniques capable of changing the genetic material of an organ- 
ism and that have emerged or have been developed since 2001, that is, after the 
existing EU legislation on GMOs was adopted’ and the products of NGTs are 
regarded as GMOs after the controversial decision of European Court of Justice 
(Case C-528/16) [4, 5]. 

The authors are interested in how much EU citizens are aware of the possibilities 
brought by the use of the CRISPR/Cas9 and other NGTs methods, and whether they 
know how much EU law regulates the use of these methods. This paper presents the 
first comprehensive survey of public opinion of Polish citizens on NGTs. The sur- 
vey was carried out from August 2022 till January 2023 on the basis of a self- 
developed questionnaire, inspired by the questions present in the public consultation 
study on NGTs launched by the European Commission (EC) in April 2022 [6]. This 
modelling will allow for a comparative analysis of public attitudes in Poland and 
other EU countries. The main purpose of the study was to obtain broad information 
on the reception of the latest biotechnological inventions that may affect people in 
Poland. Our results can also be used in assessing the attitudes of Poles towards bio- 
technology advances, including GMOs, a study that has been conducted since the 
late 1990s [7-10]. 


2 Material and Methods 


2.1 The Survey 


The survey was conducted in Poland between August 2022 and January 2023 using 
an anonymous self-designed questionnaire, planned as a 3-part study. The first part 
of the survey was related to the socio-demographic characteristics of the respon- 
dents such as gender, age, education, occupation and place of residence (city size 
and information on the region of residence in Poland) (Table 29.1). 

The second part of the survey concerned general knowledge about NGTs. The 
questionnaire contained closed single- or multiple-choice questions, where people 
first explained the meaning of the term NGT (Table 29.2). In case of an answer other 
than “I do not know”, respondents took part in the rest of the questionnaire, which 
included questions 2—6 (Table 29.2). This third part of the survey included detailed 
questions on the use of and attitudes towards NGTs and products. The design of the 
survey was coordinated with sociologists from Cardinal Stefan Wyszyński 
University in Warsaw. The survey was conducted in Polish. 
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Table 29.1 Demographic Characteristic n= 194 

characteristics of the Polish Gender n(%) 

population involved in 

the study Female 95 (49) 
Male 99 (51) 
Age 
Mean (years + SD) 40.45 + 13,72 
Median (range) years 39 (19-66) 
Education n(%) 
Primary 1(1) 
Secondary 78 (40) 
Tertiary 110 (56) 
Professional 5 (3) 
Occupation n(%) 
Teacher in agricultural school 5 (3) 
Student (biology) 29 (15) 
Animal technician 100 (51) 
Dairy industry (laboratory technician) | 11 (6) 
Farmer 18 (9) 
Profession supporting agriculture 31 (16) 
Place of residence n (%) 
Urban >500,000 residents 20 (11) 
Urban 100,000—500,000 residents 18 (9) 
Urban 20,000—100,000 residents 28 (14) 
Urban <20,000 residents 28 (14) 
Rural 100 (52) 
Regions of Poland n(%) 
North 35 (18) 
East 64 (33) 
South 9 (5) 
West 15 (8) 
Central part 71 (36) 

Table 29.2 Questions and choice of answers included in the survey 

n=194 
No | Question Answer n, (% share) 
1 | Do you know the new |I don’t know 83 (43%) 
genomic techniques I’ve heard of it but can’t define it 68 (35%) 


(NGTs) e.g. CRISPR/ 
Cas9 or TALEN and 
what does it mean for 


These are new techniques used in laboratories since | 30 (15%) 


2001, enabling the change of the genetic material of 


you? the organism, e.g. through site-directed mutagenesis 
Techniques that cause changes in the body’s 13 (7%) 
hormonal pathways, where the product has a stably 
introduced foreign DNA sequence 
Question Answer n=111 
n, (% share) 
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n= 194 

No | Question Answer n, (% share) 

2 |In your opinion, in I don’t know 14 (8%) 
which sectors of the Agricultural and food industry, e.g. to produce food | 51 (28%) 
economy could NGTs | with a lower proportion of plant protection products 
be used: 

They allow for more precise and faster plant 53 (30%) 
breeding and obtaining new varieties that ensure 

progress in yielding 

Healthcare, e.g. in the fight against certain diseases | 57 (32%) 
such as cancer or genetic diseases 

NGTs shouldn’t be used 4 (2%) 

3 | Are NGTs products I don’t know 3 (3%) 
already on the EU They are present outside the EU, e.g. soybeans with | 44 (38%) 
market? an improved fatty acid profile 

They are available in the EU and in Poland 46 (40%) 
They do not yet occur 22 (19%) 

4 | How does Polish and I don’t know 47 (42%) 
European law currently 
regulate products made | NGTs organisms are GMOs subject to the 53 (48%) 
with the use of NGTs | requirements of EU GMO legislation 
methods? They are completely allowed and widely used in 6 (5%) 

Agri-food production in the EU 
They are forbidden, they cannot be used at all 5 (5%) 

5 | Do you think that the | They can be used, but subject to applicable PL and 70 (63%) 
use of NGTs in EU regulations 
agriculture: They should be forbidden 7 (6%) 

It should be generally allowed as in the case of 10 (9%) 
classical methods of plant breeding and not subject 

to additional legal regulations 

I have no opinion 24 (22%) 

6 | If products using NGTs | Yes 30 (27%) 
entered the polish 
market, would you be | No 15 (14%) 
interested in using 
them? They are of no use to me 14 (13%) 

I have no opinion 52 (46%) 
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2.2 Characteristics of the Respondents 


The survey was addressed to farmers, agricultural and food workers and profession- 
als supporting agricultural production, as well as students of environmental sci- 
ences. All contacts and emails to which the questionnaires were sent were found in 
the recipients’ websites or came from the website of the Ministry of Agriculture and 
Rural Development. 

The survey was sent via Gmail (Google, California, USA) to agricultural asso- 
ciations, the dairy industry and other food producers, biology students and teachers 
(N = 194). Everyone was able to contribute via an online questionnaire available at 
the link to Google Forms (Google, California, USA). 

The authors selected this group of respondents based on their potential level of 
knowledge in the field of biology and biotechnology. In addition, professionals and 
students were selected because they represent a population group that is receptive to 
current trends. As consumers, they can initiate positive changes in the development 
of agricultural biotechnology. The authors assumed that such a group of recipients 
would be less likely to drop out after the first question of the test because of their 
education and profession. 


23 Statistical Analyses 


The data reported here have been weighted to be nationally representative, with a 
margin of error of 5%. Pearson’s chi-square test was used to compare the frequency 
of responses between the different groups, with P values of <0.05 considered statis- 
tically significant. All statistical analyses were performed using Statistica 13.3 
(StatSoft, Krakow, Poland). 


3 Results 


3.1 Demographic Characteristics 


Most of the Polish respondents were male (51%), lived in rural areas (52%) in the 
central (36%) and eastern (33%) parts of the country and had completed tertiary 
education (56%). Among the professional groups surveyed, animal technicians 
dominated (51%). Respondents came from different parts of Poland and represented 
all regions (Table 29.1). 
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3.2 Knowledge About NGTs Among Polish Citizens 


A total of 194 Polish citizens participated in the second part of the questionnaire 
(Table 29.2, question 1), while 111 respondents were included in the third part 
(Table 29.2, questions 2—6; Table 29.3). The results show that 111 respondents 
(57%) knew the term NGT, but only 30 (15%) of the respondents gave the correct 
definition of NGT. Almost half of the respondents, 83 people (43%), had never 
heard of NGTs (Table 29.2). 

Respondents answered questions 1—4 regardless of gender, age, education, occu- 
pation and place of residence (Table 29.3). For question 2, respondents were almost 
evenly split between the answers: “agri-food industry, e.g. to produce food with 
lower levels of pesticides” (28%), “they allow more precise and faster plant breed- 
ing and obtaining new varieties that ensure yield progress” (30%), and “medicine, 
e.g. in the fight against certain diseases such as cancer or genetic diseases” (32%) 
(Table 29.2). 

Regarding knowledge about the availability of NTG products on the market, 
38% of the respondents indicated that they are available outside the EU, e.g. “soy- 
beans with an improved fatty acid profile”, while 40% indicated that they are “‘avail- 
able in the EU and in Poland” (Table 29.2, question 3). Almost half of the Polish 
respondents (48%) were aware of EU legislation on products produced using NGTs 
(Table 29.3, question 4). 

When asked in which sectors of the economy NGTs could possibly be used, most 
responses pointed to use in healthcare (32%), but a similar number of responses 
(30% and 28%, respectively) pointed to use in plant breeding and in the agro-food 
industry. In addition, 2% of respondents do not think NGTs should be used or have 
no opinion (8%). 

The survey revealed that majority of respondents (48%) correctly recognised that 
NGT organisms are subject to GMO requirements under Polish and EU law. 
Unfortunately, a 42% of respondents had no answer to this question, while a similar 
number of respondents believed that NGTs are fully allowed and widely used in 
agricultural and food production in the EU, or that products from NGTs methods 
are prohibited by law and cannot be used at all. The only significant differences in 
responses regarding demographic characteristics were found in questions 5 and 6 
(Table 29.3). 


Table 29.3 Effect of gender, age, education, occupation and place of residence on responses to 
each of six questions by 111 respondents, based on chi-squared test (significant P-value highlighted) 


Question No. [Gender [Age — [Education | Occupation Place of residence 
1 0.75841 (0.36179 0.27905 | 0.38532 0.07893 

2 0.11687 | 0.05277 0.19460 0.24991 0.14457 

3 0.49176 (0.19411 | 0.77831 0.67989 0.23528 

4 0.23055 0.18557 | 0.84037 0.55324 0.99551 

5 0.64519 (0.14161 | 0.40649 0.61411 0.01294 
6 0.04930 (0.14161 | 0.01368 0.10893 0.74694 


Questions after Table 29.2 
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After analysing the data in question 5 regarding the relationship between place 
of residence and respondents’ opinion on whether NGT products should be used in 
agriculture, it was found that the majority of respondents (64%) indicated that NGT 
products can be used but should be subject to European Union law. Residents of 
urban areas, especially cities with <20,000 inhabitants, were in favour of this solu- 
tion (89%). Interestingly, it was found that 39% of people from rural areas were not 
interested in legal regulations for NGTs products (Table 29.3, p = 0.01294). 

The next statistically significant result was the correlation between gender and 
willingness to use NGT products once they appear on the market (Table 29.3, 
p = 0.04930). The results obtained indicate a discrepancy between the responses of 
women and men. In the survey, about 56% of women had no opinion, while 39% of 
men were willing to use NGTs products (data not shown). The relationship between 
education and willingness to use NGTs products once they are on the market was 
also observed (p = 0.01368). Those with tertiary education were more likely to use 
NGTs products (37%) than those with secondary education (14%). 


4 Discussion 


Genome editing methods are already applied for a diverse range of plants and ani- 
mals, and at the same time there is an active debate about the possible use of these 
techniques in the EU. The authors of this study wanted to know to what extent EU 
citizens are aware of the possibilities offered by the use of CRISPR/Cas9 or other 
NGT methods and whether they know to what extent EU law regulates the use of 
these methods. The aim of the survey was to determine the knowledge and attitudes 
of Polish citizens, who have come into contact with agriculture as a result of their 
education or profession, towards the practical applications of genome editing meth- 
ods, in particular CRISPR/Cas9 and TALEN methods. Questions were asked about 
the knowledge of the applications of the aforementioned technologies, about the 
legal aspects of using the methods and about people’s attitudes towards the NGTs. 
The survey revealed a low level of awareness of NGTs among Polish citizens. 
Almost half of the respondents (43%) said they had never heard of the term NGTs, 
and another 35% had heard of it but could not define what it meant. Only 15% of 
respondents gave the correct definition of NGTs. When the group was asked whether 
NGTs products are already on the EU market, 40% of respondents said that they are 
now present in Poland and on EU markets. An even lower level of awareness of 
NGTs was reported in Japan, where only 7% of respondents who did not have 
genetic diseases were aware of the term “gene editing” [11]. In Costa Rica, 4% of 
respondents had heard or read a little (2%), some (1%) or a lot (0.6%) about 
CRISPR/Cas9 [12]. Education may also influence responses. Individuals with 
higher education were more aware of genetically modified products [13-15], in 
contrast to some data from the deficit model, which showed that scientific knowl- 
edge was only weakly associated with attitudes towards the technology [16]. In the 
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current study, the authors were not able to find this correlation, but there is a clear 
link between education and willingness to use NTG products. 

To better understand the public’s attitude towards NGT technology, we asked for 
their opinion on the legal aspects of using NGT products by asking the question, 
‘What legal aspects should be fulfilled for the technology to be used in agriculture’? 
Here, most respondents (63%) were willing to allow the use of this technology if it 
was regulated by Polish and EU law. Interestingly, 9% of respondents did not want 
the products of these techniques to be regulated by law, but wanted them to be 
treated like the products of classical breeding methods. The majority of participants 
of the EU consultation survey [6] believed that the existing provisions of GMO 
legislation are not appropriate for plants obtained by targeted mutagenesis or cis- 
genesis. According to the study published in 2021 by EC, based on targeted consul- 
tations on the status of NGTs in EU legislation and in the light of the Court of 
Justice’s ruling in Case C-528/16, the main concerns were related to safety aspects 
raised by consumers, farmers, food producers and other stakeholders [5]. Most 
respondents expressed different, sometimes conflicting, views on the level of safety 
of NGT and their products, and on the need and requirements for risk assessment. 
Some ethical questions concerned the application of these techniques, not the tech- 
niques themselves. 

In response to the question “In which economic sectors can NGTs be used?” 
32% of respondents indicated medical purposes, which is in line with the results of 
similar work in the EU [17, 18]. However, a smaller number of respondents (2%) in 
our survey thought that NGTs should not be used at all or had no opinion (8%). A 
more personal question concerned the willingness to use existing NGT products if 
they were available in Poland. Most of the respondents (46%) had no opinion on 
this, 27% would use them, while 14% would not use NGTs products and 13% saw 
no use for these techniques. Women were more conservative, as only 16% would 
use them, while men were less sceptical (39%). The observed results are in line with 
the research of scientists from USA or Israel [19, 20]. They pointed out that women 
have a stronger aversion to innovation, a lower interest in technology, a greater con- 
cern for the environment and a higher perception of environmental risks. 

In 2020, Miiller et al. [20] summarised the total number of tweets (in English) 
ever published about CRISPR/Cas9 since the first information about the genome 
editing technology came out on the social media platform Twitter. The applied anal- 
ysis model BERT (Bidirectional Encoder Representations from Transformers) gen- 
erated groups of positive/neutral/negative sentiments expressed in n = 1,311,544 
tweets about the CRISPR/Cas9 technology. The information conveyed in the tweets 
generally concerned unspecified organisms (51%) or humans (30%), and plants 
were represented in only 5% of the tweets. The study concluded that overall, the- 
matic tweets were initially received very positively (52%) compared to natural 
(40%) and negative (7.5%) tweets, but decreased over time [20]. Since 2015, vari- 
ous ethical concerns have been raised, especially in the field of human genetics, 
which also shed a negative light on NGTs applied in the plant sector. Nevertheless, 
the topics of disease and medical treatment were considered important in the discus- 
sion, and was associated with a positive attitude among people, which was also 
evident in this study. 
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The further development of the new genomic techniques is dependent on legal 
decisions restricting or supporting the technology, but will likely depend as well, to 
a certain extent, on the acceptance and the decision that a citizen makes in an elec- 
tion and a consumer makes in a purchase. It seems that an analysis of public accep- 
tance of these biotechnological solutions is important for predicting the economic 
development and economic prospects of companies and investors operating in this 
field [21]. 


5 Conclusions 


The study aimed to answer the question of whether the new genomic techniques, 
referred to by the acronym NGTs, are known in Polish society, and if so, whether 
their use is accepted, in what areas and to what extent. Opinion polls, despite their 
limitations in terms of sampling, reliability and accuracy of conclusions, are an 
important means of obtaining data for comparative analysis. 

The results of our survey, which analysed a total of 194 questionnaires, offer 
some new insights into the current awareness and perception of NGTs by Polish 
citizens. In general, it was found that concepts such as genome editing, CRISPR/ 
Cas9 and TALEN are hardly known. The majority of respondents acknowledged the 
potential benefits of using the technology in agriculture or healthcare, but with 
appropriate regulations that would be guaranteed by the EU. Nevertheless, respon- 
dents are not convinced about the personal use of CRISPR/Cas9 if it were available 
in Poland. For most of the questions asked, there were no statistically significant 
differences in the answers, regardless of gender, age, place of residence, occupation 
or education. 

In order to solve the problems of modern agriculture, healthcare or environmen- 
tal protection, new biotechnology solutions should be developed and disseminated. 
Despite considerable interest in research on NGTs in the EU [5, 22], Poland, as part 
of the EU, is on the way to accepting and implementing this technology in agricul- 
ture or in the medical field. We believe that the dissemination of information and 
advisory services, along with research and development, are crucial factors for the 
promotion and adoption of any technology, especially in agriculture. The presented 
study has shown a big gap in knowledge, therefore more efforts should be made, 
starting with education at school and university level, easy access to comprehensive 
and neutral information in the mother tongue, including both technical and legal 
issues, to inform Polish citizens about the possibilities offered by NGTs. 
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Chapter 30 

Improving Science Communication About s 
Genome Editing — Mitigating Strong 

Moral Convictions Through Shared Moral 
Goals 


Gabi Waldhof 


Abstract A large share of natural scientists considers the application of genetic 
engineering (GE) to be necessary for a sustainable transformation of agriculture. 
However, there is a stark divergence between scientific assessment and public per- 
ception of this technology, particularly in Germany. So far, science communication 
has not been able to reconcile this divergence. The chapter suggests that strong 
moral convictions hinder effective science communication and provides scientific 
evidence for this claim. Furthermore, the chapter presents research suggesting that 
strong moral convictions can be mitigated through shared moral goals. Building on 
this insight, recommendations for improved science communication about GE are 
formulated. 


1 Introduction 


In the coming decades, the agricultural and food industry will face major challenges 
such as climate change that will affect the cultivation of agricultural crops, for 
example through more extreme weather conditions [1, 2]. In addition, the food sup- 
ply of the steadily growing world population must be secured [3]. Also, the European 
Commission’s goal to make the European Union (EU) economy climate-neutral by 
2050 [4] also contributes to the fact that people require a far-reaching transforma- 
tion to enable a sustainable economy. 
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1.1 Genetic Engineering as a Potential Tool 


Such a sustainable economy, e.g. a bioeconomy, can in part be enabled by innovative, 
efficient and sustainable technologies. One such technology with high potential — 
that is even considered necessary by many experts [5] — is genetic engineering (GE). 
Here, GE refers to those genomic techniques that include gene transfer and gene 
editing [6]. In the broader debate, its products are often referred to as “genetically 
modified organisms”, “GMO”, “GM foods”, or pejoratively “genetically manipu- 
lated organisms” [7]. Here, the term “genetically engineered” (GE) is used, because 
“genetically modified” can refer to any type of genetic modification, including 
conventional breeding [8]. 

Scientists involved in GE argue that GE and its products can have many benefi- 
cial trades: according to numerous scientific studies, GE can greatly increase crop 
yields and thus create economic opportunities for farmers in poorer countries [9]. 
One reason for this is its potential to make plants more resistant to environmental 
stress such as extreme weather conditions like drought [10, 11]. Moreover, GE can 
increase the soil compatibility of cultivation and protect biodiversity, e.g. by reducing 
the use of chemical pesticides [9]. It can also be used to develop healthier food. 
One of the most famous examples is Golden Rice, which is enriched with beta- 
carotene [12]. 

Furthermore, an extensive study by the National Academies of Sciences, 
Engineering, and Medicine [8] concludes that GE crops are not riskier than 
conventionally produced crops, but have generally favorable social, economic and 
ecological effects. In addition, among natural scientists, there is almost consensus 
on the safety of this technology: 88% of the members of the American Association 
for the Advancement of Science (AAAS) consider GE foods safe to eat [13]. 
German science academies are also uniformly in favor of the use of GE, for 
example, the Academies of Sciences Leopoldina or the Berlin-Brandenburg 
Academies of Sciences [14, 15]. In general, scientific findings convey a positive 
picture of the effects of GE. For example, in a joint statement, the German National 
Academy of Sciences Leopoldina, the German Research Foundation, and the Union 
of the German Academies of Sciences report increased yields and income for 
farmers through GE, as well as reduced pesticide use [16]. Qaim also notes that 
the technology can contribute substantially to sustainable agriculture and food 
security [17]. 

These study results signal that GE can address some of the current challenges, 
such as climate change, malnutrition, and economic hardship. For example, the 
German Ministry for Education and Research (BMBF) even considers GE neces- 
sary to manage such topics [18]. 
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12 Public Perception Stands in Stark Contrast 
to the Scientific Assessment 


Despite the quasi-consensus among scientific academies, there is a large discrep- 
ancy between the natural scientists and the public’s opinions on GE, particularly 
in Germany. 

Numerous studies on the societal acceptance of GE indicate people’s general 
rejection of such biotechnologies. For example, a recent survey shows that about 
half of the German population is concerned about GE food [19]. In another survey, 
respondents were asked to name problems and risks associated with food: GE foods 
were amongst the most frequently named causes of worry [20]. Additionally, even 
when asked for spontaneous associations with food risks, GE foods were among the 
most frequently mentioned items (i.e. 9%) [20]. To assess the public perception of 
GE, the Author of this chapter conducted a series of studies with their colleagues. 
Among the population, rejection remains high. A survey that is representative for 
the German population according to age, gender, income, education and region 
(N = 619), showed a rejection rate of 67% [21]. In another representative survey 
from 2020, 75% of participants (N = 653) stated to be more likely to reject GE [22]. 
In another study, this rate (76%, N = 636) is replicated. Others even found a rejec- 
tion rate of 83% in Germany [23, 24]. In 2022, a study by the Federal Institute for 
Risk Evaluation found that 64% of consumers (N = 1001) said that they were 
“somewhat” to “very” concerned about GE foods [25]. 


13 Public and Consumer Support Is Necessary for Adequate 
Policies and Their Adoption 


The stable and stark rejection of GE by the German public stands in contrast to the 
assessments of scientists involved in GE research. This is problematic because sci- 
entific consensus on the technology does not suffice for widespread adoption. It also 
requires the support of the public and consumers because public rejection can lead 
to adverse policies, and consumer rejection additionally hinders adoption. Without 
public support there are serious challenges in terms of policy making, agricultural 
development and science, as GE products cannot be beneficially developed and 
implemented. 

Studies show that bans on GE prevent their potential positive effects and can 
even have negative consequences such as high opportunity costs, vitamin deficiency, 
hunger, economic losses, disproportionate bureaucratic efforts, etc. [9, 11, 26-29]. 
A prominent example is the earlier mentioned Golden Rice, which could be part of 
the solution for famine in poor countries since it counteracts common malnourish- 
ment by supporting the human body to produce vitamin A [12]. However, the stark 
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public rejection has so far prevented the cultivation of Golden Rice on a large-scale. 
Since this technology cannot be used for food production in Europe, or rather in 
Germany, its advantages cannot be used either. 

If the application of GE really brings all these positive effects for environment 
and society, urgent action is required. In order to contribute to solving this problem, 
the present chapter hypothesizes that a decisive driver for the stark divergence 
between scientific assessment and public perception was the way the German GE 
debate has been conducted in the public arena. Consequently, the present chapter 
suggests that this divergence can be mitigated by improving the public debate about 
biotechnologies, as well as its science communication. 


14 Advocates in the German GE Debate Are Rarely Heard 


In Germany, particularly the terms “Griine Gentechnik” (green gene technology) 
and “GMO” — pejoratively understood by the public as “genetically manipulated 
organisms” — have become popular [30, 31]. Here, GE foods have been heavily 
criticized since their emergence. Probably no other foodstuff has ever been dis- 
cussed as fiercely in Germany. The public debate has been ongoing since the late 
1980s, and a settlement is not in sight. The arguments in the debate are manifold and 
often surprisingly contradictory. While opponents fear risks to human health [32], 
advocates report on health-promoting properties of such plants, e.g. through vitamin 
enrichment [12]. While proponents are convinced that increasing yields through 
GE increases the freedom and autonomy of farmers [33], opponents see poor 
smallholders in developing countries threatened by patents on GE products [34]. 
One might think that such contradictory views could be clarified by examining the 
facts and comparing the evidence. But the public discourse could not have been 
resolved so easily. 

In the wake of this rejection, numerous demonstrations have been organized. 
The most prominent is the “Wir haben es satt!” [We are fed up.] event in Berlin, 
where approximately 30 thousand participants demonstrate against GE every year, 
among other issues. 

A large number of Non-Governmental Organizations (NGOs) are involved in 
organizing this event, such as Bread for the World or the Nature and Biodiversity 
Conservation Union of Germany [35]. In general, NGOs position themselves 
homogeneously against GE in the public debate [36]. Organic associations such as 
“Demeter” also reject GE [37]. Organic organizations publicly represent this rejec- 
tionist stance prominently. For example, the initiative “Ich stehe auf Essen ohne 
Gentechnik” [I stand for food without GE] collected more than 100 thousand signa- 
tures in 2018 and handed them over to the Federal Environment Ministry [38]. 

This gives the impression that not only the majority of the public but also the 
majority of official organizations reject GE. This impression is created because 
proponents of GE are less present in the social debate. Although agricultural asso- 
ciations such as Deutscher Bauernverband position themselves in favor of GE [39], 
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it is unknown if they launched any media campaigns or initiatives. The situation is 
similar for biotechnology companies such as Syngenta or Bayer: they are in favor of 
GE, but publicly accessible information is brief and rare [40]. Political supporters 
also largely consider the debate to be settled — and are quite obviously withdrawing 
their involvement [41]. Thus, on the advocating side, for the most part, only scien- 
tists and science representatives are involved in the discourse, such as the Association 
for Biology, Biosciences and Biomedicine [42]. 


15 Moral Convictions Can Hinder Policy Debates 
and Science Communication 


The current situation of the public debate about GE, as well as the stark public resis- 
tance against this technology, particularly in Germany, suggest that science com- 
munication about GE has not been effective. This chapter aims to expand on why 
this is happening and how to solve this problem. 

Particularly, based on recent research, this chapter proposes that science com- 
munication has not been effective due to strong moral convictions. This chapter 
further proposes that these strong moral convictions can be mitigated by providing 
credible, fact-based, scientific reasons for GE that address people’s dearest moral 
concerns. 

Accordingly, this chapter takes the German debate about GE as an example to 
learn about the debate, improve science communication about GE more generally, 
and about newer genomic techniques such as “CRISPR”! [43] in particular. 

For this purpose, this chapter proceeds as follows: First, the German GE debate 
is discussed. Based on this, as well as on research about judgement and opinion 
formation, it is argued that a closer look into moral convictions related to GE is 
sensible. Then, it is reported on research showing that GE attitudes in Germany are 
mainly based on such moral convictions. It is then suggested that a ban (or approval) 
of GE has become a moral goal in itself, rather than a tool. However, as this chapter 
argues, this strong moralization can be overcome if the focus can be turned towards 
common moral goals. It is reported on research that successfully tested this. Building 
on this, suggestions of how to improve science communication about GE are made. 


'«<CRISPR” (pronounced “crisper’’) stands for Clustered Regularly Interspaced Short Palindromic 
Repeats, which are the hallmark of a bacterial defense system that forms the basis for CRISPR- 
Cas9 genome editing technology. In the field of genome engineering, the term “CRISPR” or 
“CRISPR-Cas9” is often used loosely to refer to the various CRISPR-Cas9 and -CPF1, (and other) 
systems that can be programmed to target specific stretches of genetic code and to edit DNA at 
precise locations, as well as for other purposes, such as for new diagnostic tools. With these sys- 
tems, researchers can permanently modify genes in living cells and organisms [for example to 
make food crops more drought resistant] and, in the future, may make it possible to correct muta- 
tions at precise locations in the human genome in order to treat genetic causes of disease.” [43] 
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2 GEAttitudes Are Likely Guided by Moral Intuitions 


2.1 Complex Topics Such as GE Are Difficult to Assess 
as a Single Person with Time Constraints and Without 
Expert Knowledge 


GE is a collective term for several methods which can be used for a variety of appli- 
cations. From a theoretical perspective, these can result in applications with norma- 
tively desirable results as well as with normatively undesirable results. This chapter 
therefore takes the position that GE can yield many beneficial contributions to soci- 
ety and nature. At the same time, this also means that abuse of this technology is 
conceivable, and appropriate measures should be taken that help prevent such abuse. 

For a single person not involved in the topic, and with their own time constraints, 
it is difficult to make an informed assessment of which applications should be used 
under which circumstances. Even experts involved in GE do not make any of these 
assessments alone. On the contrary, it usually takes different groups that can assess 
e.g. economic, social, or environmental aspects. Consumers, therefore, need an 
appropriate complexity reduction to formulate an informed opinion about GE. 

Conversely, this means that potential benefits are difficult to be effectively 
communicated in the public debate: on the one hand, sweeping endorsements of GE 
lack credibility. Since the majority of the German population already rejects GE, 
such diametrically opposed blanket statements would only meet with even more 
resistance. On the other hand, differentiated, deliberative views may not entail 
the kind of complexity reduction that consumers, for example, need in their 
everyday, non-primary decision-making behavior. They are therefore difficult to 
communicate. 


2.2 Public Debate Should Provide Guidance, But Mutual 
Accusations Make It Unclear Who to Trust 


A public debate about new technologies can serve as a complexity reduction that 
informs the public or consumers and provides fact-based arguments about the risks 
and benefits in relation to the adoption of a technology. At the same time, public 
debates sometimes do not seem to move towards a consensus. This may leave the 
non-expert consumer with questions as to what to make of a technology. 

In this, scientists — as the experts in their respective field or technology — have 
the task to make assessments about potential risks and benefits, and to make those 
publicly available. These assessments should provide guidance in trade-offs in 
public debates about new technologies. In fact, about GE, there are a number of 
such studies by scientific academies. The National Academies in the United States of 
America (USA) have evaluated the evidence available on GE and found no evidence 
that GE products are less safe for humans and animals than other products [8]. 


30 Improving Science Communication About Genome Editing — Mitigating Strong... 499 


The World Health Organization states that no adverse health effects of GE are 
known to date [44]. Moreover, the German Ministry of Education and Research, 
BMBF reports on more than 300 studies that assess the safety of GE [45]. 

In their statements, the German national academies and the European Academies 
Science Advisory Council note the high potential of GE, as did NASEM, in their 
report [8, 16, 46]. In 2019, the German Research Foundation, the Union of the 
German Academies of Sciences and Humanities, and the Leopoldina repeatedly 
pointed to the opportunities offered by GE [14]. 

However, in the German GE debate, scientists and their official statements appear 
to not have been successful in contributing their expert-mediator role to the debate. 
One potential explanation for this is the situation of the German GE debate men- 
tioned above, in which the opposition is large, strong, present, and well-organized 
[35, 36], while the proponents are not very present but almost non-existent in the 
public debate [47]. This led to the curious situation in which scientists involved in 
GE research are almost the only group publicly providing arguments in favor of GE. 

This situation in turn — so it is argued in this chapter — has made it difficult to 
perceive scientists in their role as mediators. In the case of GE, they may often not 
be perceived in a neutral position as informing experts, but rather, as is argued here, 
as a supporting party within the debate [47]. This may make it difficult for a 
consumer who wishes unbiased guidance on a complex topic. 

This problem is fortified by the way the debate is conducted — in part. For example, 
the molecular biologist Ralph Bock asks in one of his essays whether politics 
wanted to “bully” the researchers in Germany until they were driven to despair [48]. 
The geneticist Wolfgang Nellen speaks of “hysteria” and “ignorance” in one of his 
articles [49]. Another example can be found in an article by geneticist Reinhard 
Szibor: “Green genetic engineering apparently serves as a projection surface for all 
the fears and frustrations of this world.” [50]. 

In 2016, this situation led 124 Nobel laureates to a rather extreme measure: they 
signed an official letter urging Greenpeace and the governments of the world to 
cease the campaigns against Golden Rice [51]. 

In this letter, the authors position themselves against opposition based not on 
scientific facts but on “emotion and dogma” [51]. They also call on governments to 
reject such campaigns. The criticism of Greenpeace in the letter is sharp: the NGO 
is accused of ignoring or misinterpreting scientific evidence, and of supporting field 
destruction. Implicitly, the Nobel laureates accuse Greenpeace of being responsible 
for the deaths of up to 500 thousand children annually. They also speak of a “crime 
against humanity” in this context. To date, 160 Nobel laureates signed this letter. 

These examples show that scientists do not always maintain their neutrality 
as expert-mediator on the issue, but also argue with strong emotions and sharp 
criticisms against GE opponents. Such emotional debating does not strengthen the 
public’s trust in scientific expertise but may make science appear biased. 

As a further intensifier of the problem, it can be observed that some GE opposing 
organizations doubt the integrity of scientists. For example, in response to the 
above-mentioned statement of the German Research Foundation and the National 
Academies of 2019, Testbioech e.V. spoke of an obvious “interest in the application 
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of genetic engineering and its commercial exploitation.” [52]. Similarly, in response 
to the Nobel laureates’ letter, Greenpeace does not show the desired reaction, but 
insinuates bias: the NGO asked the lead author to be honest, and to disclose eco- 
nomic interests in the technology [53]. This reinforces an impression of 
partisanship. 

At the same time, while science communication is necessary for progress and 
education, and is increasingly demanded and promoted, it is difficult for scientists 
to always argue in an unrestrictedly objective manner since they also want to defend 
their work, their community, and their identity. The current GE debate in Germany 
runs the risk to lead to further frustration and resignation among scientists. 

On top of this, both sides are not involved in a dialogue, but address topics that 
are unrelated [36]. For example, while supporters of GE foods usually point out 
the technological advancements and the increased economic efficiency of GE, 
opponents of GE foods usually refer to potential environmental risks and health 
risks [54, 55]. 

Moreover, supporters and opponents also appear to use different concepts of 
naturalness in their arguments. On the opponents’ side, nature is seen as something 
sacred and pure that should remain untouched [56]. For advocates of naturalness, 
the GE of plants feels like interfering with nature and contaminating our flora [57]. 
Thus, the advocates of this view reject any human processing in nature [58]. On the 
other side, supporters affirm that GE foods do not pose any risks to nature and can 
even have beneficial properties for nature [45]. While GE supporters attribute some 
characteristics to nature that should be sustained, such as biodiversity, GE opponents 
see nature as something sacred that does not allow human processing [59]. 

With reference to the previous point, the debating parties may emphasize dis- 
tinct values in their arguments. For example, while opponents point out aspects of 
fairness in relation to GE foods, supporters may rather focus on loyalty. More spe- 
cifically, opponents state that corporations involved in GE food products disregard 
the rules for fair competition by lobbying for their own interests [60]. Supporters on 
the other hand promise the commitment of scientists to the use of GE for the benefit 
of society [45]. 


2.3 People Likely Resort to Moral Values and Emotions 
as Guidance 


The current situation of the public GE debate, as well as the fact that GE assessment 
requires expert knowledge and years of training, suggests the following assumption: 
the public and consumers resort to intuitive guidance such as moral values and 
moral emotions. And indeed, research on factors that influence people’s opinion 
towards GE suggests that knowledge does not have a substantial influence on how 
people perceive this technology [61]. Rather, intuitions, such as emotions, play a 
much bigger role in GE acceptance [62]. 
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The importance of emotions as intuitions for people’s opinion formation can be 
explained by adopting the distinction between two modes of thought: System 1 and 
System 2 [63]. System 1 operates automatically and quickly, with little or no effort 
and no sense of voluntary control. This refers to anything that we do intuitively or 
with a lot of practice, such as recognizing a friend or understanding the facial 
expression of anger. System 2 comprises effortful mental activities, such as com- 
plex computations. Operating System 2 entails conscious reasoning and requires 
agency, choice, and concentration [63]. For example, we use it when we make plans 
or check a logical argument for its validity. System 1 may be an evolutionary 
adaptation [64]: in order to survive, emotions needed to signal us fast and reliably 
when we are facing a threat, such as rotten food. Since emotions lead to much 
quicker judgments than rational thinking, they serve as a guide in matters of 
immediate danger. 

There is a special type of emotions, moral emotions, that are neatly intertwined 
with moral values. In general, these are such emotions that motivate us to behave 
morally, and that respond to violations of moral values [65]. Following moral values 
means setting aside pure self-interest and orientating behavior and judgment accord- 
ing to the interest of the greater social welfare [66]. In human nature, moral values 
take priority over non-moral concerns [67]. Since we are social beings and could 
not survive without the protection and help of a group, moral values also fulfil an 
adaptive task: they make us liable for our actions and hence make it possible for us 
to live in groups and resist temptations which may be destructive for the survival of 
the entire group [68]. 

Since we relied on emotions and moral emotions for survival, it seems plausible 
that we also listen to them when we form our opinions on overly complex issues 
such as new technologies that may have an unprecedented impact on our lives. 

And indeed, there is scientific evidence that opinion on GE foods is guided by 
moral values and moral emotions. Research on public opinions on agriculture finds 
that GE easily evokes emotions such as anger [69] and is usually connected with 
normative demands [70]. Moreover, it could be found that knowledge about GE is 
rather low in the public and that perceived fairness and trust in food producers 
enhances GE acceptance [54]. Furthermore, as mentioned earlier, a perceived viola- 
tion of nature deemed sacred seems to be one of the main reasons for the rejection 
of GE foods [59, 61]. This can be grounded in seeing nature as an intrinsic value that 
needs protection, or in religious reasons such as human interference in god’s 
will [56]. 


2.4 For Many, Trying GE Is Not Worth the Risk 


Above, it was proposed that the complexity of the issue, as well as the situation of 
the public GE debate, lead people to resort to moral intuitions in their opinion 
formation. And indeed, for example, people’s individual predisposition towards 
risks plays a decisive role in opinion formation about GE: research has shown that 
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risk-averse individuals are significantly more likely to oppose GE than risk-averse 
individuals [21]. 

Many people tend to want to avoid future uncertainties in principle [71]. The 
Introduction of new technology represents such a future uncertainty, as one deviates 
from the known status quo. It seems to be the case that the majority of the German 
public prefers to maintain the status quo with regard to GE, rather than risk unantici- 
pated consequences as a result of the adoption of the technology. In this chapter it is 
suggested that this is possible because in Germany, for the average consumer, it 
comes at no perceptible cost to maintain the status quo because there are enough 
affordable alternatives. Simply, there is the opportunity to be against GE. Under 
these circumstances, it does not seem “worth the risk” to try something that is per- 
ceived as unknown, compared to conventional breeding. 

This importance of moral intuition implies that a debating party will be more 
convincing if they speak to those moral emotions and values that are most relevant 
to the public. Arguments that are less relevant with regard to moral emotions and 
values have much less persuasive power. 

And at the moment, GE opponents are more successful in addressing people’s 
worries and risk aversion, by feeding into them. For example, a meta-analysis found 
that studies made by NGOs without scientific peer review appear to systematically 
reduce the estimated positive effects of GMOs [9]. Such measures reinforce the 
public perception that came to see these products as much more threatening than 
research would suggest. 

Moreover, GE opponents address moral emotions such as disgust or anger, and 
thus further stimulate a rejection of GE foods in the public. For example, in some 
campaigns, GE foods have been associated with strong, disgust-provoking images, 
such as a woman eating ‘Frankenfood’, i.e. a genetically modified tomato which 
looks like a fish [72]. From eating this tomato, her skin is turning green. With that, 
the moral emotion of disgust is triggered, which relates to a violation of nature as an 
intrinsic value that no one should interfere with. So, moral opposition is the 
consequence. 

Moreover, using language that is easy to grasp is another common strategy for 
many GE opponents [36]. Polemic terms such as “Gene-contamination” [31] or 
“Frankenfood” [73] produce memorable pictures and dramatize the topic. The con- 
sequence is predominantly negative associations with GE foods. Generally, some 
NGOs opposing GE make heavy use of emotionalized language. For example, in a 
book published by Earth Open Source, the authors describe GMO supporters as 
‘unpleasant, angry, and hostile’ [74]. Another recent booklet states that GE 
‘failed’ [31]. 

In contrast, arguments put forward by GE supporters seem to have less intuitive 
appeal [64]. 

Moreover, media reporting on GE likely contributes to this focus on risks associ- 
ated with GE. Scientific experiments show that consumers prefer negative news and 
react more strongly to it [75, 76]. Negative news are therefore easier to sell, which 
means that they are likely overrepresented in the media landscape [77]. This is 
where the media’s incentive to report on potential risks of GE — rather than on 
potential benefits of the products — becomes apparent. 
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3 Moral Intuitions About GE Have Resulted in Strong 
Moral Convictions 


As proposed above, the stark rejection of GE in the public and the fierce debate have 
led to a moralization of the topic. In our representative surveys, the majority of par- 
ticipants indicated that the question of GE was a moral one for them [21]. 
Furthermore, in recent survey (N = 619; N = 636), up to 90% of the opponents 
stated that they reject GE, no matter how great the benefits [21, 23]. This is in line 
with previous research by Scott et al. [59], who measured GE attitudes in the 
USA. Of their representative sample, 64%, were opposed. Of this opposition, 71% 
(i.e. 46% of the entire sample) stated opposition regardless of the consequences, 
claiming that GE (in this study: GMOs) “should be prohibited no matter how great 
the benefits and minor the risks from allowing it” were [59]. Other studies achieved 
similar results [24]. This means that participants state to maintain their attitude 
regardless of possible consequences. Many in Germany have become consequence- 
insensitive with regard to their GE position. 

Taken literally, this means that the perceived benefit from a ban of GE, or 
approval, respectively, is infinite [59, 78]. Thus, there is no cost-benefit trade-off 
regarding the use of GE. Rather, their GE position has been elevated to a sacred 
value worthy of protection [79]. 

Interestingly, research has shown that attitudes toward GE are consequence- 
insensitive for a significant proportion of supporters as well [22, 23]. Here, it is 
important to emphasize that, contrary to popular belief, GE is not only a moral issue 
for opponents. Rather, for a significant proportion of supporters, their GE position 
has become a moral issue as well. 

Such strong moral conviction makes it hard to engage in a constructive discourse 
about the risks and benefits of the technology and its potential applications. Here 
likely lies one reason for why science communication about GE is not effective at 
the moment. Rozin refers to such phenomena as “moral piggybacking” [80]. Here, 
objects or facts that are in themselves value-free are morally charged, as can be 
observed, for example, among vegetarians on the topic of meat consumption [80, 
81]. For many, GE opposition, but also GE support, has become a moral goal 
in itself. 


3.1 Inthe Public Eye, GE Has Become a Moral Goal, Rather 
Than a Means to Moral Goals 


Among consumers and the public, the moralization of GE has grown so strong that 
a ban or approval of it now has an intrinsic moral value, good or evil. This means 
that the public does not perceive the properties of the technology, but the technology 
itself as the central interest in the discourse. Rather than looking at potential 
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consequences of the technology, GE has become the moral goal of the debate. 
Here, moral goals are confused with their potential means [82]. GE has become the 
moral goal in itself [47]. 

This normativity of GE in the population is readily taken up by the parties to the 
discourse and forms the central problem of the conflict: in a generalized normative 
ban or command on GE are mutually exclusive, there is no room for agreement. 

It can be observed that positions in the public debate are generally quite general- 
ized. These general evaluations create two fronts of “right/good” and “wrong/evil”, 
in which the goals of each side appear incompatible: it appears that one can either 
be in favor or against GE. The fact that many arguments in the debate are not 
weighed up in a differentiated way creates the impression that one can only decide 
for or against one side. This creates a moral conflict of objectives for the public in 
which the potential positions appear mutually exclusive: It appears as if one can 
position oneself either for a ban on GE, or an approval of GE. 

In the case of mutually exclusive demands, however, it is not possible to resolve 
the discourse to the benefit of both sides. Since it is then not in the interest of either 
side to deviate from their positions, the discourse is stuck [47]. 

In this situation, the debating parties perceive the debate as a tradeoff thinking 
with little room for a solution. The debate resembles a social dilemma: the strategies 
of the participants lead to a mutually worse position because this stalemated debate 
benefits no one and is tiresome for all participants and observers [82]. This stuck 
discourse puts pressure on policymakers and ultimately leads to legislation that 
reflects the goal-means confusion. As an institutional framework for research and 
development, this legislation blocks innovation. The results are opportunity costs 
because possible solutions cannot be found and urgent problems remain unsolved 
[29, 83]. 


3.2 Moral Convictions Are Especially Hard to Mitigate 


These strong moral convictions provide another explanation for why science 
communication and arguments of scientists involved in the debate do not seem to 
reach the public: research in moral psychology has shown that moral judgments are 
much more stable and long-term than other judgments [84]. This is because, for 
humans, moral concerns take priority over non-moral concerns [67]. Such strong 
moral beliefs have real effects on daily actions: For example, people with different 
moral beliefs are more likely to be avoided, and they are also less likely to be 
believed [85, 86]. Over time, some moral beliefs can become so strongly attached to 
a person’s core moral constitution that they become linked to that person’s identity 
[80, 81, 85]. 

And indeed, in recent research, a large proportion of subjects view their position 
towards GE as central to their personal moral beliefs [87]. 
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If science communication has difficulties reaching the majority of the German 
public because of strong moral convictions about GE, a solution that mitigates these 
strong moral convictions and allows GE to be discussed as a possible means, rather 
than a moral goal is necessary. 

Similar suggestions can also be found in “Ethical Tensions from New Technology” 
[88]. It is not the technology that should be discussed, but its applications. And this 
with regard to questions such as: What problems do we face? For which of these 
problems can GE be an appropriate tool? Under what conditions? What are the 
risks? Are there sensible alternatives? Similarly, scientific academies in Germany 
are already calling for it [14]. 

However, if the rejection of GE is moral, is there a way to overcome this moral 
rejection of this technology? 

Since the beginning of modernity, many technological innovations have enriched 
society. For example, medical diagnostics was able to make great progress through 
X-ray or MRI technologies. Everyday life has also been made easier by household 
appliances such as the washing machine or the dishwasher. Some technologies are 
quickly adapted because of their obvious high utility (e.g., X-ray machine, house- 
hold appliances). New technologies are not always greeted with openness; in some 
cases, their development is viewed skeptically. For example, Kenneth Olsen saw no 
reason why anyone would need a computer at home [89]. Sir Preece, the chief engi- 
neer at the British Post Office, thought the telephone was unnecessary because there 
were enough letter carriers [90]. Thus, some technologies experience initial skepti- 
cism, but then prevail because of their advantages. 

In the eighties and nineties, there were very heated debates in Germany about the 
medical application of GE [91]. The focus here was particularly on human insulin, 
which has been used since the 1980s to treat diabetes. Concerning this, negative 
reports circulated in the media. A newspaper called “TAZ” poke of a “gateway 
drug” [92] and reported on side effects and dubious competitive practices surrounding 
the drug [93]. In 1991, a report of the public television broadcasting service “ARD” 
spoke of frequent and serious risks to patients from human insulin [94]. These 
reports were contradicted by physicians and scientists. For example, in the German 
Medical Journal, the German Medical Association confirmed the successful and 
problem-free treatment of patients since 1983 [94]. 

By now, this great initial skepticism has dissolved into acceptance. In the mean- 
time, Germany is one of the world’s leading producers of genetically engineered 
pharmaceuticals, which are no longer an issue in the public debate [91]. 

Thus, it is proposed here that consumers and the public need to be provided with 
tangible, credible reasons to try GE foods or adopt GE technology in spite of their 
worries related to the technology. Specifically, the advantages of GE have to become 
salient and tangible enough for people to outweigh perceived potential risks. 
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Recently, it was tested whether there are such consequences of GE that would make 
the public and consumers abandon their moral convictions about the technology 
[87]. Specifically, in an online experiment in Germany in 2020 (based on own 
research), representative of the population (N = 1900) according to age, gender, and 
level of education, it was tested whether respondents could identify consequences 
that are so important to them, that they would abandon their moral convictions 
towards GE. This experiment only included people who indicated a strong moral 
conviction towards GE. This led to the inclusion of around 1500 GE opponents who 
stated that they would reject GE regardless of the consequences. Additionally, this 
also led to inclusion of around 400 GE supporters who stated they approve of GE 
regardless of the consequences. 

These “consequence-insensitive” participants were randomly assigned to four 
probes that tested their moral conviction. Here, two of those probes are presented. 

In the open-ended reflection task, consequence-insensitive participants were 
asked whether they could think of any circumstances that would make them aban- 
don their position towards GE. Respondents could then provide their answers in 
free-text boxes. Table 30.1 shows examples of circumstances stated, the moral goals 
these address, as well as their frequencies. 

In this probe, a little less than 50% did not state any consequence that would 
make them abandon their consequence-insensitive position towards GE — but more 
than 50% did! 

In another, the counterexamples probe, consequence-insensitive participants 
were provided with a list of moral goals and asked them to select all of those that 
would make them abandon their consequence-insensitive position towards 
GE. Table 30.2 shows how frequently each moral goal has been selected. 

In this probe, almost every opponent (361/369; 97.8%) and supporter (100/101; 
99%) selected at least one option. 

The results of these probes show that nearly everyone who previously proclaimed 
consequence insensitivity indicated that there are circumstances for which they 
would abandon their position. 

After these probes, participants were asked to state their positions towards GE 
again. Interestingly, a significant proportion of those who initially stated to maintain 
their position regardless of the consequences abandoned this strong moral convic- 
tion after the probes. Moreover, the attitudes towards GE among those previously 
morally convicted also became less extreme after the probes [87]. 

Therefore, while moral convictions about GE are both common and hard to 
change, still the majority of consequence-insensitive participants state that there are 
at least some circumstances that would make them abandon their position. This was 
particularly true when common moral goals were made salient to them. Examples 
of such moral goals that are dearest to participants are life, health, and environmen- 
tal protection. 


30 Improving Science Communication About Genome Editing — Mitigating Strong... 


507 


Table 30.1 Open-ended reflection (share of consequence-insensitive respondents mentioning 


a topic) 
Share of 
consequence- 
Paraphrased topics insensitive 
Opposition status | Coded categories | (Examples) respondents 
Consequence- Reaffirmation of Reasons against GE crops 16% (60) 
insensitive position 
opponents Stated they cannot | Don’t know, don’t care, 23% (84) 
think of anything | nothing 
No response No response 9% (33) 
Food security Famine, poverty, 23.2% (85) 
overpopulation, food 
Health Fight diseases, medicine / 12.8% (47) 
health 
Environment Dying species, environment | 11.2% (41) 
protection, sustainability 
Emergency Fight wars and crises, save 11.2% (41) 
lives, no alternative 
Resilience Fight pests / plant diseases, 9.8% (36) 
adapt to climate or soil 
conditions 
Efficiency Higher yield, product 2.5% (9) 
optimization 
Safety If proven to be harmless, strict | 1.9% (7) 
labelling, separation of GMO 
/ non-GMO 
Research For research purposes 1.4% (5) 
Consequence- Reaffirmation of Reasons in favor of GE crops | 3% (3) 
insensitive position 
supporters Stated they cannot | Don’t know, don’t care, 17% (16) 
think of anything | nothing 
No response No response 23% (21) 
Health Medical risks, unhealthy food | 29.3% (27) 
Safety Danger, mutations, loss of 17.4% (16) 
control 
Environment Risks for animals, risks for 17.4% (16) 
environment 
Abuse Use for war, weapons, moral | 14.1% (13) 


concerns, human trials 


Note. Totals do not match the number of respondents (and percentages do not sum to 100) because 
participants could provide up to five responses [87] 


This means that consensus in the GE debate is possible and that it is possible for 
science communication to reach even the most morally convicted — if people’s 
actual moral goals would become the focus of the debate, and GE would then be 
discussed as a potential means of these goals, rather than the goal itself. 
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Table 30.2 Counterexamples (percentage of consequence-insensitive respondents selecting each 
counterexample) 


Opposition status Genetic engineering of plants is acceptable if it... | Selected by 
Consequence-insensitive Saves human lives. 63.7% (235) 
opponents Prevents a global problem. 44.2% (163) 
Prevents more of the same thing. bee (91) 
Improves living conditions. 18.2% (67) 
Has economic benefits. | 13.3% (49) 
Is for a good moral cause. | 12.2% (45) 
Genetic engineering of plants is NOT 
acceptable if it... 
Consequence-insensitive Reduces the quality of life. “= (50) 
supporters Kills people. 47.5% (48) 
Causes a global problem. 46.5% (47) 
Has economic disadvantages. 35.6% (36) 
| Causes more of the same thing. 23.8% (24) 
Is bad for moral reasons. 19.8% (20) 


Note. Totals do not match the number of respondents (and percentages do not sum to 100) because 
participants could select multiple responses [87] 


5 Improved Science Communication About GE 
in Public Debate 


5.1 Provide Credible and Tangible Advantages That Address 
Common Moral Goals 


The abovementioned study indicates that in many cases, both supporters and 
opponents of GE actually share moral goals, such as life, health and environmental 
protection. This is also one result of another content analysis [95]. Moreover, our 
studies indicate that strong moral convictions about GE can be mitigated if people 
are provided with credible, tangible moral reasons to try GE products in spite of 
their worries. 

If the common moral goals are identified, it is possible to examine whether 
GE is a suitable means for reaching these goals. Here, appropriate measurement 
tools can be used to clarify this perceived conflict. These are, for example, scientific 
studies, meta-analyses, risk analyses, or long-term observations of the plants under 
discussion. 

Then, science communication about GE is likely effective if science communica- 
tors provide credible evidence that GE can be a tool to reach these moral goals. 

For example, one of the common moral goals that Waldhof identified is effective 
development aid [95]. However, at the moment, some public statements against GE 
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state that the technology causes disadvantages for small farmers [31]. Evidently, 
many conclude from such statements that if one wants to pursue effective develop- 
ment aid, GE would be a hindrance. Consequently, the moral goal development aid 
would be a reason to ban GE. 

Therefore, at the moment, the argumentation can be presented as follows [47]: 


1. Normative assumption: It is a moral goal to provide effective development aid. 
2. Positive assumption: GE causes economic disadvantages for small farmers. 
3. Normative conclusion: Therefore, GE should be banned. 


However, a meta-study on the effects of GE found that the technology especially 
benefits farmers in developing countries [9]. 

Similarly, Ahmed et al. concluded in their study in Bangladesh that farmers save 
their costs, obtain more yield, and likewise protect their health through reduced 
pesticide use by using a GE eggplant [26]. This scientific evidence requires that the 
positive assumption (2) needs to be changed: GE benefits small farmers in develop- 
ing countries, particularly. As a consequence, the conclusion (3) also changes: GE 
should be used for development aid. Now, the argumentation is as follows: 


1. Normative assumption: It is a moral goal to provide effective development aid. 

2. Positive assumption: GE benefits small farmers in developing countries, 
particularly. 

3. Normative conclusion: GE should be used for development aid. 


The same procedure can also be applied to the moral goal of nature conservation. 
GE crops are often associated with increased pesticide use [96]. Pesticides can be a 
burden on soils and can also put insects at excessive risk. For this reason, Brookes 
and Barfoot examined pesticide use associated with GE from 1996 to 2015 [97]. 
They found that pesticide use decreased by 8.1% due to the use of green genetic 
engineering. Overall, their study concludes that biotechnology has a positive impact 
on the environment. GE thus contributes to nature conservation. 


5.2 Include Credible and Salient Science Communicators That 
Truly Care About the Moral Goals 


It is argued above that scientists involved in GE research are currently not perceived 
as expert mediators that can solve the discourse block, but as — a somewhat biased — 
party within the debate. It was argued that this may be in part because of the way the 
debate is conducted, and because scientists and scientific organizations are the only 
ones bringing forward supporting arguments for GE. Consequently, scientists alone 
cannot resolve the strong moral conviction and the resulting discourse block. They 
need support. In the same vein, in a newsletter of the Leopoldina, Hans-Georg 
Dederer, demands more support from politicians [41]. 
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It is argued here that, alongside science-based and moral arguments, the debate 
about GE needs additional actors that truly care about the moral goals, and not about 
the technology or its ban. By now, more and more such actors are joining the debate. 
One example is Professor Urs Niggli, who was the director of the Research Institute 
for Organic Agriculture for 30 years since 1990 and is also known as the “organic 
pope” [98, 99]. He is considered one of the world’s leading scientists in organic 
agriculture and is known for his commitment to sustainable food and farming sys- 
tems [99, 100]. According to him, agriculture is at a turning point where a stronger 
orientation towards technology is necessary [101, 102]. For him, this also includes 
the use of biotechnological processes in agriculture. Niggli believes that the use of 
CRISPR means that goals such as food security and biodiversity no longer have to 
be mutually exclusive, but can be achieved together [99]. 

The NGO “Progressive Agrarwende” takes a similar view. This young group of 
scientists, students and politicians, founded in 2019, is pursuing the goal of imple- 
menting an agricultural turnaround toward socially and ecologically sustainable 
agriculture according to the latest scientific and technological standards [103]. They 
observe that many environmentally conscious people act against their own goals by 
a blanket rejection of modern agricultural techniques. For this reason, they have 
founded a dialogue platform to address applications, regulations and patenting of 
agricultural technologies in an open-ended and transparent manner. To this end, 
Progressive Agrarwende regularly writes articles, organizes events or reports on 
scientific findings. 

More and more actors that call for a science-based evaluation of products devel- 
oped from GE technology are joining the debate or gaining more attention. These 
are for example maiLab (youtube.com/@maiLab), Grain Club (grain-club.de/) or 
transGEN (transgen.de/). Coalitions with such professional science communicators 
help scientific evidence gain salience in the debate. They will also help scientists to 
communicate their findings in an understandable and enjoyable way that is easy 
to follow. 

Moreover, the call for a science-based assessment of GE is receiving more media 
attention. For example, the TV show MaiThink X dedicated an entire episode to 
arguing for a science-based evaluation of GE [104]. Similarly, in December 2022, 
the TV show Heute Show [Today Show] argued that a general fear of GE is not 
science-based and should be reconsidered [105]. 

Moreover, recent research has shown that in many arguments, the debate devi- 
ates from discussing the risks and benefits of the technology to discussing the 
behavior of the actors involved [95]. For example, while GE opposition criticizes 
unfair behavior of corporations, GE supporters claim loyal commitment of scien- 
tists to use GE research for the common welfare. However, ensuring the trustworthi- 
ness of scientists seems unlikely to solve reservations towards corporations or the 
market. Understandably, scientists involved in GE research cannot speak to the gov- 
ernance of involved actors. Here, it would help if social scientists joined the debate 
to discuss market mechanisms and the behavior of companies and other actors. 
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Furthermore, self-binding mechanisms offer a further opportunity to increase the 
quality of discourse. As described above, organizations involved in trade-offs also 
have a long-term interest in obJectifying the discourse because of the loss of reputa- 
tion that can otherwise be expected. If NGOs join forces and commit themselves to 
collectively agreed standards and fair discourse processes, they can signal the high 
quality of their contributions [106]. Corresponding initiatives already exist, such as 
Accountable Now! [83, 107, 108]. The NGOs involved regularly submit reports that 
are reviewed and commented on by a panel. 

Generally, it seems that the German GE debate is changing, moving away from 
a generalized debate towards a more differentiated debate about what GE can and 
cannot do. In this, science-based arguments appear to be gaining increasing salience 
in the debate. 


6 Summary 


A large share of natural scientists consider the application of GE to be necessary for 
a sustainable transformation of agriculture. However, there is a stark divergence 
between scientific assessment and public perception of this technology, particularly 
in Germany. So far, science communication has not been able to resolve this diver- 
gence. Research on technology acceptance shows that people have a general ten- 
dency to follow their emotions and intuitions when forming their opinions on 
technologies [61]. The present chapter suggests that strong moral convictions hin- 
der effective science communication and provides scientific evidence for this claim. 
This is because moral convictions are more stable than other judgements. This led 
to a situation, in which the approval or rejection of GE are perceived as a moral goal 
in itself. The analysis thus suggests that a way has to be found in which GE is per- 
ceived as a potential tool for moral goals, rather than a goal in itself. For this pur- 
pose, the chapter also reports on research which suggests that strong moral 
convictions can be mitigated through shared moral goals. Building on this insight, 
recommendations for improved science communication about GE are formulated. 

Generally, GE should be perceived as a potential tool to reach moral goals such 
as food security or sustainability. With every tool, there are advantages and disad- 
vantages. This is what makes thorough risk assessments, and a debate that weighs 
potential risks and benefits, indispensable. One result of such debates would be 
procedures that reduce potential risks of new technologies such as GE. At the same 
time, potential risks should be addressed symmetrically: 


The use of [new genomic techniques] NGTs raises ethical concerns but so does missing 
opportunities as a result of not using them. [...] Any further policy action should be aimed 
at reaping benefits from innovation while addressing concerns. A purely safety-based risk 
assessment may not be enough to promote sustainability and contribute to the objectives of 
the European Green Deal [...] [109]. 
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Abstract The genome edited crops and foods are commercially cultivated and mar- 
keted already at global level, rapidly expanding towards new applications and plant 
species, and successfully complementing the genetically modified ones. In the 
European Union, the genome edited plants have to follow the two-decade-old regu- 
latory framework for genetically modified organisms. The decrease of both, number 
of notifications for field trials, and hectarage and countries commercially cultivating 
genetically modified plants, registered in the last decade in the European Union, has 
been closely followed by lower levels of awareness and concerns expressed by the 
European Union citizens about their use in farming and food production, as recorded 
by a long time series of Eurobarometers surveys. In contrast, in the four recent years 
only, the awareness about genome editing among the European Union citizens has 
significantly increased, reaching more than the half of the one about genetically 
modified products, along with the number of concerned European Union citizens 
about genome editing which also has doubled. The public opinion about genome 
edited crops and food products needs to be monitored further as it decisively influ- 
ences the new regulatory framework to be proposed by the European Commission 
and therefore the extent to which the European consumer will benefit from the new 
biotechnologies. 
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1 From Genetically Modified to Genome Edited Plants: 
The Global Context 


The global production status of genetically modified (GM) crops has steadily grew 
since their commercial adoption in 1996, to reach a 112-fold increase [1] to around 
190 million hectares in 2019, almost equally split between 21 developing countries 
and five industrial countries [2]. In terms of the share of the main crops in which 
transgenic traits have been commercialized, GM traits accounted for 47% of the 
global plantings to soybeans, maize, cotton, and canola in 2020 [3]. The global 
economic benefits, over the period 1996 to 2020, have been significant with farm 
incomes for those using the GM crop technology, having increased by 261.3 billion 
USD [4]. All the above are based on a sharp increase in the approval of the number 
of plant species with GM varieties. At global level, 44 countries, plus the European 
Union (EU) Member States (MS), have approved a total of 46 commercial GM 
traits introduced, as single or stacked transformation events, in 32 GM crop species 
for use in commercial cultivation, food, and feed.! 

Genome editing (GE) was being applied to more than 40 crops across 25 coun- 
tries [5]. The GE plant varieties in advanced development pipeline span now a wide 
range of crops, including alfalfa, camelina, canola, citrus, flax, maize, pennycress, 
potato, lettuce, tomato, and watermelon, and are suggesting the flexibility of the 
new breeding techniques (NBTs) in crop improvement [6]. Despite the apparent 
potential, however, only six GE crop traits - in soybean, canola, rice, maize, mush- 
room and camelina - have been approved for commercialization to date [7]. The 
United States (US) farmers are growing from 2016 a oligonucleotide-directed muta- 
genesis (ODM)- based GE sulfonylurea tolerant weed control canola (Cibus), a 
transcription activator-like effector nucleases (TALEN)- based genome edited soy- 
bean with modified oil composition (Calyxt) [5] but also a Clustered Regularly 
Interspaced Short Palindromic Repeats -associated protein 9 (CRISPR—Cas9) edited 
waxy corn (Corteva Agriscience) [8]. The hectarage cultivated with Calyxt genome 
edited soybean alone has increased significantly, to approximately 40,000, from 
17,000 in 2019 [5, 9]. The two genome editing pioneering companies, Cibus and 
Calyxt, have recently announced they had entered into a definitive merger agree- 
ment [10]. Genome edited food was first sold on the open market in 2021, when the 
Sicilian Rouge tomatoes, genetically edited to contain high amounts of 
y-aminobutyric acid (GABA), was sold direct to consumers in Japan by Sanatech 
Seed [11]. Two years before that, was marketed the first genome edited food prod- 
uct, the high-oleic soybean oil Calyno™, obtained from plants that have been edited 
to produce fewer saturated fats and zero trans fats (Calyxt) [9]. To date, the GE 
crops and products have still limited commercial prevalence because they are new 
and unfamiliar to consumers relative to other breeding techniques and the regula- 
tory process is ill defined and shifting in many countries [12]. 


'ISAAA: ISAAA GM Approval Database, https://www.isaaa.org/gmapprovaldatabase/. Accessed: 
14 May 2023. 
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To reach the market, each GM plant event must undergo a long and costly pro- 
cess. Two decades ago, it was estimated that 8-12 years of research and develop- 
ment were needed prior to commercialization of GM plants [13]. A recent 
agri-biotech market survey has reported that the cost of discovery, development and 
authorization of a new plant biotechnology derived single genetic trait has declined 
from 136 million USD in the 2008-2012 period to the current value of 115 million 
USD, but the time required to complete the process has increased from 13.1 to 
16.5 years [14]. This data suggest a twice as long period needed nowadays, com- 
pared with the early 2000s, for a new GM single trait plant to reach the commercial- 
ization phase. On the other hand, early commercial applications of genome editing 
for crop improvement appear to confirm the inherent speed and overall cost effi- 
ciency of genome editing [6]. For comparison, the cost for GE crops development 
to commercialization were estimated to cost ten million USD and the time needed 
is 5 years [15]. The genome editing is faster and cheaper approach to market than 
conventional GM technology [16]. 

Consumers response to GM products is largely influenced by the decision of the 
governments to ban or approve the GM crops cultivation and between acceptance 
for cultivation of GM crops and market exists a wide gap across countries, a com- 
prehensive bibliometric analysis has concluded [17]. On the other hand, a recent 
systematic global overview has concluded that GE foods are often more accepted 
than the GM foods, which is partially due to the fact that genome editing is per- 
ceived as more natural [16, 18]. 


2 The Commercial Cultivation of Genetically Modified 
Plants in the EU 


In 1998, only two years after the GM crops were first marketed worldwide [3], their 
cultivation in the EU started, being among the first territories to commercially adopt 
the cultivation of biotech crops at global level [19] (Fig. 31.1), well in advance of 
countries such as Brazil, India, Paraguay, and Pakistan, each of them cultivating 
millions of hectares with GM crops nowadays [20]. 

Only two GM maize varieties, both producing Cry1Ab toxin, insecticidal protein 
from Bacillus thuringiensis, have been authorized for commercial cultivation in EU: 
Btl76 (1998-2005), and MON810 (since 2003). The maize hybrids derived from 
event Bt176 were officially withdrawn from the European market in 2006 because 
this event contained an ampicillin resistance gene as selectable marker [23]. It took 
15 years to reach the cultivation peak, in 2013, with 148,013 ha, on all growing 
YieldGard™ maize (single trait event MON-@@81@-6) which, since 2006, contin- 
ues to be the only GM plant commercially cultivated in the EU [20]. Yet, this GM 
maize line is one of the 49 insect resistant (IR) transgenic events approved for food 
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Fig. 31.1 Commercial cultivation of GM crops and GM plant field trial notifications in EU 
(1998-2022) [19, 21, 22] 


and feed use in the EU Register of authorised GMOs.’ Since then, the hectarage 
cultivated with GM maize has gradually decreased to approx. 70,000 ha in 2022, a 
comparable value with the one register 15 years ago. Last year was also registered 
the biggest reduction of the cultivated area, with approx. 30%, the most abrupt 
yearly variation ever recorded in EU [21, 22]. 

The gradually decrease of the cultivated area with GM plants in Europe was 
accompanied by a reduction of the countries growing these biotech crops, as farm- 
ers from Romania (in 2015) [24], Czech Republic, and Slovakia (in 2017), have 
voluntarily stopped the commercial cultivation of GM maize [19]. Only two coun- 
tries, Spain [22] and Portugal [21], are commercially cultivating GM crops in 
Europe for the last 5 years. 

Worth mentioning that the provisions of the EU GMO opt-out Directive 2015/412 
[25], which have allowed to a significant number of EU MSs to officially restrict the 
cultivation of genetically modified organisms (GMOs) in their territory, did not 
changed the status quo of the EU-28 countries, as 11 countries have officially cho- 
sen to legally allow the commercial cultivation of GM crops [19]. Yet, in 2018 the 
Court of Justice of the EU (CJEU) ruled (case C-528/16) that organisms obtained by 
mutagenesis, as can be achieved using New Plant Breeding techniques (NPBTs), 
including genome editing techniques, are genetically modified organisms (GMOs) 
as defined in the European Directive 18/2001/EC [26]. This decision, imposing for 
the genome edited plants to follow exactly the same authorization procedure as the 
GM plants, was expected to delay their development, testing, approval and 


*European Commission: EU Register of authorised GMOs, https://webgate.ec.europa.eu/dyna2/ 
gm-register/. Accessed: 14 May 2023. 
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availability of these new plant varieties on the EU market and their commercial 
cultivation [19]. 


3 The Notifications for Field Trials with Genetically 
Modified and Genome Edited Plants in the EU 


The field trial under field conditions is a preliminary, but essential step for develop- 
ing GM plants, especially if they are intended for commercial cultivation. In the EU, 
a new GM crop event has to be compared to its closest non-GM counterpart as a 
corner stone of the pre-market risk assessment. This is a critical final test to monitor 
their effects on the receiving environment (e.g. non-target organisms) and also 
detect possible occurrence of differences, caused by intended and unintended 
effects, in composition, as well as in agronomic, phenotypic and molecular charac- 
teristics [27]. The EU continues to have the broadest and most stringent regulations 
in the world governing these field trials as an essential part of the risk assessment 
before market approval [28]. 

During the regulatory framework set by the Directive 90/220/EEC (1991-2001) 
[29] 1687 field trial notifications were registered and their number dropped by 76% 
between 1998 and 2001, mainly due to the de facto moratorium in place since 1999 
[13]. The notifications documented by the dedicated European Commission’ GM 
Plants Register,’ containing the list of summary notifications (SNIFs) submitted to 
the competent authority of the EU MS under the Directive 2001/18/EC (from 2002) 
[30], has also dramatically dropped by 91% in the last 9 years (Fig. 31.1). 

The CJEU’s decision from 25 July 2018, stating that plants obtained with the 
new genome editing techniques are GMOs from the regulatory point of view, has 
immediately changed the legal status of the first field trial of a CRISPR-Cas-9 
genome edited crop, i.e., Camelina sativa, in Europe (EU-28) [31], that began on 5 
June the same year at Rothamsted Research (UK) [32]. Yet, the first notification of 
a field trial with a genome edited plant in Europe recorded in the dedicated GMO 
Register was carried out in 2018 by the Flemish Institute for Biotechnology (VIB) 
(Ghent, BE) with maize with an impaired DNA-repair mechanism and maize with 
modified growth characteristics (Fig. 31.2). 

That first field trial with a GE plant has immediately raised a strong concern that 
limiting their feasibility by expanding the complexity of the regulatory process and 
the associated financial burden of dedicated experimental sites will certainly hinder 
research [32]. 

The evolution of the field trial notification with GE plants since than (2018—2022) 
(Fig. 31.2) has fully confirmed, to date, that assumption: their yearly total number 
being maximum 5 (in 2019). 


$ European Commission: Eurobarometer — Public opinion in the European Union, https://europa. 
eu/eurobarometer/screen/home. Accessed: 14 May 2023. 
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Fig. 31.2 The notification for field trials with GM and GE plants under Directive 2001/18/EC 
(2018-2022) 


The field trial notifications with GM plants in EU proved to be a sensitive indica- 
tor of the overall research and development activities in the past [33]. Moreover, the 
dramatic reduction of field trials in the EU has also coincided with increasing safety 
demands, decreases in funding, and changes in the European directives [34]. Under 
the regulatory framework set by the Directive 2001/18/EC, the last 20 years can be 
generally divided into two separate periods: the first years characterized by a sharp 
increase of both number of field test notifications and hectarage of commercial cul- 
tivation followed by a decrease of both of them (Fig. 31.1). This data suggests a high 
degree of interdependence of their overall trend in the EU. While the notifications 
for field tests with GM plants do follow a clear descendent trend in the last 4 year, 
the notifications for GE are variable but their status in 2022, compared with the total 
number, was bigger than of the field trials with GM plants, for the first time 
(Fig. 31.2), offering hopes for an ascendant trend to be expected in the coming 
years, hopefully translated into their commercial cultivation status in EU. Worth 
remembered that all the field trials, including with GE plants, are carried out follow- 
ing the regulatory framework developed more than two decades ago [30], well 
before the NBTs to be proposed, developed and commercially validated, as it is the 
situation nowadays. The current regulatory regime for field trials was found ill-fitted 
to breeding activities [35]. 
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4 The Awareness and Concerns of the EU Citizens About 
the Use of Genetically Modified and Genome Edited Plants 
in Agri-Food 


Eurobarometer is the polling instrument used by the European Commission (EC), 
and other EU institutions, to monitor regularly the state of public opinion in Europe 
on issues related to the EU as well as attitudes on subjects of political or social 
nature. It is a cross-temporal and cross-national comparative program of regularly 
repeated cross-sectional surveys [36]. Additionally, special Eurobarometers are 
used to monitor if citizens want the EU to act on a specific policy topic or support 
the EC’s solution to a policy problem [37]. In order to guarantee the representative- 
ness of results, Eurobarometer surveys rely on a randomly selected sample of per- 
sons and the total sample is weighted to ensure demographic and geographical 
representativeness and the EU average is calculated taking into account the relative 
weight of each country.* 


4.1 The Concern of the EU Citizens About the Use of GM 
Plants for Farming 


The attitude of EU citizens toward the release of GMOs into the environment was 
assessed through a special series of four Eurobarometers during a 9-year period 
(2002-2011). In 2002, when they were first asked about, the “use of GMOs” was a 
concern ranked 18th, from 25 different environmental issues, representing 30% 
from the worries expressed by the EU citizens [38]. The following three surveys 
(2004, 2007, 2011) have specifically asked for concerns related to the use of GMOs 
for farming [39-41]. The percentage of worried EU citizens about the use of GM 
plants in the environment, for farming purposes, has decreased, constantly, down to 
19% (Fig. 31.3). 


4.2 The Awareness and Concern of the EU Citizens About 
the Use of GM and GE Ingredients in Food 


A series of four Eurobaromer surveys (2005, 2010, 2019, and 2022), initiated by the 
European Food Safety Agency (EFSA), aimed to investigate Europeans’ percep- 
tions of and attitudes towards food safety by exploring the Europeans’ interest in 


“European Commission: GMO Register / Part B notifications (experimental releases) — GM Plants, 
https://webgate.ec.europa.eu/fip/GMO_Registers/GMO_Part_B_Plants.php. Accessed: 14 
May 2023. 
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Fig. 31.3 Concerns expressed by the EU citizens toward the use of GM plants in farming 
(2004-2011) 


food safety-related topics and factors affecting food-related decisions and aware- 
ness of and main concerns about food-safety topics [42], including “genetically 
modified ingredients in food or drinks” (2005, 2010, 2019, and 2022) and, more 
recently, “genome editing” in food (2019, and 2022). 


4.2.1 The Awareness of the EU Citizens About the Use of GM and GE 
Ingredients in Food 


Awareness of food safety topics remains high among EU citizens [42]. The aware- 
ness among the EU consumers of the use of both GM and GE in food production 
was investigated in the last two Special Eurobarometers [42, 43], offering a valuable 
insight on how the two plant biotech technologies, GMOs, used for almost three 
decades for farming, and food and feed production in Europe, and GE, only recently 
has entered into the EU consumer’s attention, but with no farming and food produc- 
tion applications in Europe, yet, are perceived and aware off at the consumers’ level 
(Fig. 31.4). 

As expected, in 2019, the awareness level about GM were considerably higher 
(three fold) than about GE-food associated issue, but only 3 years later, due to a 
marginal decrease (4%) of the declared awareness about GMO, and a significant 
increase (38%), of the GE among the EU citizens, the difference between the two 
food safety-associated topics decreased by one third from the previous levels. 
Notably, in 23 of the 27 EU MSs, awareness of the use of new biotechnology in food 
production, i.e., GE, has risen since 2019 [42]. 
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Fig. 31.4 Awareness expressed by the EU citizens about the use of GM and GE in food production 
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Fig. 31.5 Concerns expressed by the EU citizens about the use of GM ingredients and genome 
editing in food and drinks 


4.2.2 The Concerns Expressed by EU Citizens About the Use of GM 
and GE Ingredients in Food 


Around one quarter (26%) of the EU citizens indicate the presence of genetically 
modified ingredients in food or drinks as a concern in 2022 while only a smaller 
proportions (8%), the use of new biotechnology in food production, i.e. genome 
editing (Fig. 31.5). 

Compared with 2019, for most of the concerns expressed by EU consumers, 
listed in the Special Eurobaromer survey, there have been increases in the 
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Fig. 31.6 Trends of the awareness and concern expressed by the EU citizens about the use of GM 
ingredients in food 


proportions and this is particularly the case for the use of GE in food production 
which has doubled, from 4% to 8% from the total, among the EU citizens [42]. 


4.2.3 Trends and Evolution of the Awareness and Concerns Expressed by 
the EU Citizens About the Use of GM and GE in Food Production 


The time series of Special Eurobaromer surveys on Food Safety, spanning over 
18 years (2005-2022), offer a consistent and clear overview on the opinions the EU 
citizens have on the most relevant food-safety related issues. Included right from the 
start among the investigated topics, the opinion about the concerns about the pres- 
ence of GM ingredients in food was recorded and it reveals a clear and significant 
reduction of them, from approximately 2/3 (62-66%) of the citizens to less than 1/3 
(27-26%) (Fig. 31.6). 


43 The EU Citizens’ Awareness and Concerns During 
the Transition from GM to GE Plants 


Gathered in the last three decades, scientific evidence about the perception of GM 
plants and derived food products is large enough, the EU especially being one of the 
territories well represented in such analyses [16]. Comprehensive analyses have 
concluded that EU consumers have more negative perception and less purchase 
intention toward GM foods in contrast to the consumer perception in North America 
while in developing nations, the positive perception arises owing to the persistent 
demand for food [17]. 
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In Europe, during the first decade of the new millennium (1999-2010) a 12% 
increase was recorded, by a series of Special Eurobarometers, among the EU citi- 
zens optimistic about biotechnology [44]. Unfortunately, this share of optimism was 
not reflected towards the use of GM plants in agri-food in EU. The awareness levels, 
recorded lately among the citizens regarding the use of GM ingredients in food, 
were at medium levels and have even decreased slightly [45]. This could be corre- 
lated with the abrupt decrease of both GM crop testing and commercial cultivation 
in Europe. The lower level of awareness was inevitably followed by the proportion 
of EU citizens concerned about the use of GM crops in farming and for food pro- 
duction, as shown by a long time series of Special Eurobarometers. 

The available data about the perception from the public and relevant stakeholders 
of GE is very limited [16] and, in this context, the recent surveys of the awareness 
and concerns among the EU citizens regarding the use of GE in food production is 
all the more relevant considering the large territory covered and the trends revealed 
[42]. In only 4 years (2019-2022), the awareness about GE among the EU citizens 
has significantly increased, reaching more than the half of the one about GM prod- 
ucts — a three decade old technology in Europe though. Moreover, the number of 
concerned EU citizens about GE has doubled in the same period, as well as the 
proportion compared with the level of concerns about the GM ingredients. 

NBTs and their products tend to be valued more highly than their GMO counter- 
parts [12, 16] but because large differences occurs within target groups, regions and 
products [16] a large, highly and multidimensional heterogeneous territory, as the 
EU proved to be along the years with respect to biotechnology, is scientifically and 
practically relevant for all stakeholders. It is critically important the public attitude 
towards new breeding techniques, and their field testing, commercial cultivation and 
products, to be extensively investigated as they could be misperceived and rejected 
even though they hold much promise to improve food supply chains’ sustainability, 
foster better health outcomes for consumers and the environment [12] and their 
acceptance will be a key factor for policy support [16]. 


5 Conclusion and Future Perspectives 


Relevant time series of Eurorometers have surveyed the awareness and concerns of 
the EU citizens about the use of GM crops for farming and food production. The 
public opinion has shown a steady decrease of both indicators along with the notifi- 
cation for field trials and commercial cultivated of GM plants in the EU. More 
recently, both the awareness level and concerns expressed by the EU citizens about 
the use of GE in food production has increased significantly in only 4-year period. 
The public opinion is fundamental for the acceptance and adoption of any new 
technology, including NBTs, in Europe. The long term evolution of the public atti- 
tude and acceptance of the GE plants and foods is particularly relevant considering 
the substantial opposition to GMOs recorded in the past, among the European citi- 
zens. The current level of awareness and concerns about GE, and their short term 
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evolution, is important as a new regulatory framework is in preparation by the 
European Commission. 
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Chapter 32 A 
What Is the Problem with Europe gieto 
in a Philosophical Point of View? 


Marcel Kuntz 


Abstract It is well known that developing plant biotechnological products is far 
more difficult in Europe than in the United States, for example. Of course, the dif- 
ferent regulatory rationales impact technological development in both cases. This 
chapter discusses the reasons for such a difference, in relation with the historical 
background of Europe vs. USA, and in the philosophical context of “postmodern- 
ism’. The latter is influent in both the European Union (EU) and the USA, but does 
not politically express itself in the same way. The central pillar of the doctrine cur- 
rently dominant in the EU being to prevent repetition of the tragedies of the past, 
especially wars, which includes avoiding becoming a political power in the old 
sense. This chapter proposes that this political thought has also influenced the way 
technological risks are considered (Precautionary Principle) while benefits are 
sometimes ignored, such as those of plant biotechnology. The April 2021 EU 
Commission report on gene editing is discussed as an example of postmodern 
framing. 


1 Introduction 


Comparing how the transgenic plant innovation has been dealt with in the European 
Union (EU) vs. in the USA is of high interest in order to understand the possible 
perspective of genome editing in Europe. 

While the transgenic plant technologies were co-invented in the early 80’s by 
laboratories in both Europe and the USA [1, 2], the EU was clearly the centre of the 
plant biotechnology backlash which started in the middle of the 90s [3]. Earlier, in 
1990, the EU, through its 90/220/EEC Directive, has created a new judicial object 
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called a ‘genetically-modified organism’ (GMO).! Although this Directive was 
replaced by Directive 2001/18/EC,’ it retained what many consider as a scientific 
meaningless definition of a GMO [4]. A central element of the definition of a GMO 
according to the EU is that it is an “Organism in which the genetic material has been 
altered in a way that does not occur naturally”. Such a concept has become highly 
damaging for public acceptance in the wake of the ‘mad cow’ crisis in Europe 
(when what was considered as an unnatural way of feeding cattle led to bovine 
spongiform encephalopathy, a disease potentially transmittable to humans). The 
temporal coincidence of the media coverage of this disease and the arrival on the 
market of the first GMO harvests provided anti-GMO activists the opportunity to 
spread fears about food derived from GMOs. As a political response, the above- 
mentioned new Directive was adopted in 2001. It states: “In accordance with the 
precautionary principle, the objective of this Directive is to approximate the laws, 
regulations and administrative provisions of the Member States and to protect 
human health and the environment’. In other words, in the view of the EU, GMOs 
are intrinsically different from traditionally bred organisms and are therefore more 
risky, thus justifying a precautionary approach. 

In the USA, the Federal government established a formal biotechnology policy 
as early as 1986, known as the ‘Coordinated Framework for Regulation of 
Biotechnology’. It has since been updated ° but remains based on existing laws, not 
a law in itself, in contrast with the path taken by the EU. Although one may consider 
that this Coordinated Framework has limited the deployment of transgenic crops to 
some extent, it did not have an inhibiting effect as laws in the EU had. Activists also 
attempted to propagate fears in the USA, which eventually lead to Public Law 
114-216 on GMO labelling in 2016. However, the latter had only minimal labelling 
requirements, in contrast to what occurred in the EU under the 2001 Directive. 

The advent of gene editing techniques gave rise to the question whether or not 
such a type of mutagenesis should be subject to specific biosafety regulatory provi- 
sions. Many papers discussed the possible ‘natural’ occurrence of such ‘edited’ 
mutations [5]. It should also be noted that the 2001 GMO Directive lists ‘mutagen- 
esis’ in “Techniques/methods of genetic modification yielding organisms to be 
excluded from the Directive, on the condition that they do not involve the use of 
recombinant nucleic acid molecules...”. 

However, in July 2018 the judgment of the Court of Justice of the European 
Union (CJEU) ruled that “Organisms obtained by mutagenesis are GMOs and are, 
in principle, subject to the obligations laid down by the GMO Directive” unless they 


‘Council Directive 90/220/EEC of 23 April 1990, https://eur-lex.europa.eu/legal-content/en/ 
ALL/?uri=CELEX %3A31990L0220. Accessed 12 october 2023. 

? Directive 2001/18/EC of the European Parliament and of the Council of 12 March 2001, https:// 
eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX %3A32001L0018. Accessed 5 June 2023. 
3EPA (USA), Update to the Coordinated Framework for the Regulation of Biotechnology, 2017, 
https://www.epa.gov/regulation-biotechnology-under-tsca-and-fifra/update-coordinated-frame- 
work-regulation-biotechnology. Accessed 5 June 2023. 
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“have a long safety record” * This excludes gene editing, with an explicit reference 
to “the precautionary principle which that directive seeks to implement’. The CJEU 
reasoning was that gene editing is closer to transgenesis than to conventional muta- 
genesis (“since the direct modification of the genetic material of an organism 
through mutagenesis makes it possible to obtain the same effects as the introduction 
of a foreign gene into the organism (transgenesis) and those new techniques make it 
possible to produce genetically modified varieties at a rate out of all proportion to 
those resulting from the application of conventional methods of mutagenesis”). 

This view again clearly differentiates the EU from the USA. In the latter country, 
simple mutations, including those obtained by gene editing are usually considered 
as not necessitating regulatory oversight [5]. 

The question arising from these considerations is why are there such fully 
opposed approaches in the EU vs. the USA for the same biotechnologies? To address 
this question, this chapter will attempt to highlight the underlying ideological views 
and proposes that the latter are linked to a broader historical background. 


2 A Brief Look Back at the History of Europe During 
the Twentieth Century 


Alongside undeniable progress (in civil rights, social conditions, medicine, etc.), 
Twentieth century Europe is characterized by two World Wars, with destruction at 
levels never seen before, and the mass crimes of two totalitarian states, including 
their respective concentration camps and genocides. Drawing lessons from the past, 
Europe has undertaken to avoid the repetition of such tragic events. One of the 
political instruments of this project was the European integration, which progressed 
from the Treaty of Rome in 1957 up to the current EU. 

The aim of the 1957 treaty was “To work towards integration and economic 
growth, through trade” and had ‘specific goals’, amongst them to “Pool their 
resources to preserve and strengthen peace and liberty”. The Consolidated Version 
of the Treaty on European Union (in 2016) goes further in presenting its ‘values’.° 
Its Preamble states: “Recalling the historic importance of the ending of the division 
of the European continent and the need to create firm bases for the construction of 
the future Europe”, and “Confirming their attachment to the principles of liberty, 
democracy and respect for human rights and fundamental freedoms and of the rule 
of law”. 


“Court of Justice of the European Union, press release No 111/18, 25 July 2018, https://curia. 
europa.eu/jcms/upload/docs/application/pdf/2018-07/cp18011len.pdf. Accessed 5 June 2023. 
‘Treaty of Rome (EEC), https://www.europarl.europa.eu/about-parliament/en/in-the-past/the-par- 
liament-and-the-treaties/treaty-of-rome. Accessed 5 June 2023. 

° Consolidated version of the Treaty on European Union (2016), https://eur-lex.europa.eu/resource. 
htm] ?uri=cellar:9e8d52e1-2c70- 1 1e6-b497-01aa75ed71a1.0006.01/DOC_2&format=PDF. 
Accessed 5 June 2023. 
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In other words, these values are now the ‘Big Principles’ on which the EU has 
been founded, in order to avoid the repetition of the disasters of the past. Significantly, 
“The main goal of the European Union is to defend these values in Europe and 


promote peace and the wellbeing of the citizens” 7 


3 ‘Big Principles’ Have Also Been Applied to Science 
and Technologies 


Although the contributions of science and technologies to improving the human 
condition were considerable during the twentieth century, accidents and disasters 
did occur [6], with science being used to develop weapons of mass destruction. For 
the German-born philosopher Giinther Anders and for others, the main events of the 
twentieth century were ‘Auschwitz’ and ‘Hiroshima’ [7]. 

The ideology on which the EU is founded, namely a political dream of ‘no trag- 
edy’ has also encouraged an utopia of ‘no technological risk’, illustrated by the 
‘Precautionary Principle’. Together with what can be seen as a Principle of 
Participation (of ‘stakeholders’, ‘citizens’...), which will not be developed here (see 
below and for more details see [8]), these represent new ‘Big Principles’ which 
were designed to avoid repetition of accidents caused by technologies. 

In concrete terms, this precautionary ideology inspired the drafting of the GMO 
Directives (the General Principles of the 2001 Directive state: “In accordance with 
the precautionary principle, the following general principles should be followed... 
[for risk assessment]’’). Gene editing is a new biotechnology which was not antici- 
pated in these Directives, thus requiring an ex-post legal interpretation. In other 
words, the letter of the Directive being unclear, the CJEU (see above) reasoned 
within the spirit of these Directives, namely applying the Precautionary Principle. 


4 Postmodernism as a Philosophical Background 


If one wishes to analyse further what has been described above in a philosophical 
context, the concept of postmodernism seems relevant, despite the fact that it is a 
polysemic term (it is also used in art, for example). Here, postmodernism refers to a 
type of thought that is largely a ‘deconstruction’ of the general Enlightenment phil- 
osophical viewpoints and values. The latter became dominant in the Western world 
progressively from the eighteenth century to the mid twentieth century. Regarding 
postmodernism, one can cite two French philosophers; Emmanuel Lévinas who 
criticized the Enlightenment philosophy as a “totalizing” system of thought and 


7European Parliament in plain language: Values, https://europarlamentti.info/en/values-and-objec- 
tives/values/. Accessed 5 June 2023. 
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Jean-François Lyotard who defined postmodernism as the rejection of (western) 
“metanarratives’ of human biological, historical, and social development. More 
generally, the modern ‘universalist’ thoughts have been accused to impose western 
conformity on other perspectives, thereby oppressing them, which is supposed to 
justify the ‘deconstruction’ of the European Enlightenment (for more details see 
[9]). The term ‘deconstruction’ is actually a translation of the concept of “Abbau” 
developed by German philosopher Martin Heidegger [10]. 

In a more recent phase, the concepts of ‘deconstruction’ and postmodernism 
moved from what was an intellectual debate to a form of more general rejection of 
the Western past. Such thoughts were largely fed by the tragic events mentioned 
above, to which one may add for some countries; colonialism, slavery and, more 
generally, discriminations of any type. From the 80’s onwards, postmodernism 
insidiously became the dominant ideology of the European ‘Elites’. It is largely 
influenced by what can be termed ‘Western Guilt’ [11], which can manifest itself in 
various forms, from repentance to self-hatred. Its political project is a form of new 
redeemed society. 

Such a redeemed society would not only be a ‘no tragedy’ one, but can also be 
extended to a ‘post-history’ one in the postmodern dream. It is worth mentioning 
here the book by the American political scientist Francis Fukuyama, entitled 
The End of History and the Last Man. Interestingly, its author commented the 
following: “I believe that the European Union more accurately reflects what the 
world will look like at the end of history than the contemporary United States. 
The EU’s attempt to transcend sovereignty and traditional power politics by estab- 
lishing a transnational rule of law is much more in line with a ‘post-historical’ 
world than the Americans’ continuing belief in God, national sovereignty, and 
their military” [12]. 

This is not to say that postmodern thoughts have not reached the USA; they are 
simply different (the past inspiring guilt and rejection is rather linked to racial issues 
in that country). It has provided the intellectual background of ‘identity politics’. 
The broad implications of this politics will not be discussed here, only its implica- 
tion for science. 


5 Postmodernism Effects on Science 


Regarding science, ‘identity politics’ clash with Enlightenment epistemology which 
values open debates and merit in science. In contrast, postmodern views justify 
‘affirmative action’ in favour of minorities and more generally politicization of sci- 
ence. This has led to an outcry from some scientists [13]. 

The general ideas of postmodernism (‘deconstruction’ of the Western past) have 
been adopted by various sociological fields, leading to the creation of new ‘studies’, 
such as ‘cultural studies’, “gender studies’, ‘science and technology studies’ (STSs), 
etc. [14]. 
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While the aim of science within modern framing is to determine what is true 
and what is false, within the STSs field some deconstructionist thinkers ques- 
tioned the validity of claims of scientific truth and criticized scientific method. 
In their opinion, scientific objectivity is reduced to ‘claims’ that are the expression 
of one community (the scientists) which shares preconceptions. Thus, science is 
simply one ‘construct’ of reality amongst many others (for more details, taken 
from the GMO case, see [15]). In such a relativist framing, politically-constructed 
claims by anti-GMO activists should have the same validity as science-based risk 
assessment of GMOs. For example, how it permeated the European Parliament 
was discussed [15]. 

Such postmodern views encourage a ‘participative’ approach in science, which 
draws scientists into the political arena, with no observed benefits for science and 
risk assessment as far as the GMO dispute is concerned [16]. Regarding interactions 
between science and society, the move from modernism to postmodernist can be 
summarized by a shift from the concept that ‘the public (in its own interest) should 
rely on the judgments of expert scientists’ to a reverse one, namely that ‘scientists 
should listen to society’. In addition, concepts of ‘justice’, ‘fairness’, ‘democratic 
deliberation’, etc., will compete with the truth seeking approach of science (for an 
example taken in the USA, namely a report on ‘gene drive’ by the National Academy 
of Science, see [17]). 

In summary, the transgenic technology has been affected by postmodernism in 
different manners: the Precautionary approach and cognitive relativism, which 
could not be attenuated due to the simultaneous ‘deconstruction’ of certain modern 
values, such as distinguishing truth and falseness, and trust in scientific progress. 


6 Fundamental Differences Between USA and Europe 
Regarding the Use of Technology 


Although the USA was involved in both World Wars experiencing great human loss, 
mass devastation and the above-mentioned tragedies actually occurred in Europe, 
not in the USA. These facts provide a likely historical explanation for the dream of 
‘no tragedy’ in Europe but not in the USA (the outcomes in other countries such as 
Japan or Russia will not be considered here). In addition, the USA became the lead- 
ing power in the world. To maintain this status, their authorities will always privi- 
lege their national interest and hence their industries [18]. 

In parallel, the former European ‘imperialist’ powers disappeared and the 
raison d’étre of the EU was not to recreate a new bellicose empire, but was just the 
opposite. The EU’s ambition is limited to a soft power which attempts to export its 
well-thinking norms and ‘values’ to other regions of the world, when the large size 
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of its market allows it to do so (for discussion on the EU soft power, see resource 
notes.*”:'°'! Tt also export its fears, as the GMO case has shown. 

Based on good intentions and decked with its moral values, the EU has given a 
greater importance to consumers and the environment than to ‘realpolitik’ (for ref- 
erences on consumer protection and environmental policies in the EU, see 
notes).1213⁄14.15 These EU priorities justify its reasoning on the necessity of regula- 
tion that others judge excessive (e.g. on biotechnologies). 

However, one can note that the EU is embracing ‘realpolitik’ when it can hardly 
do otherwise. For example, it imports more than 20 million tons of GM soybeans 
per year to feed part of its livestock, thus supporting the production of transgenic 
plants in South America, while European farmers cannot do so because of the 
Precautionary Principle. 

Besides the influences of postmodernism, the ban on GMO cultivation was also 
the product of demagogy and short-term electoral alliances of certain governments 
in Europe, which will not be discussed here (for Germany, see [19]; for France, see 
[20, 21]). However, the fact that such political manoeuvres could have the adhesion 
of so many people is linked to the dissemination of the postmodern ideology beyond 
the ‘Elites’. 


7 The Implication for ‘Poor’ Countries 


The rejection of GMO cultivation by some ‘developing’ countries, such as some 
African countries which could benefit from plant biotechnology, can have different 
causes, from a concern of their leaders to preserve export opportunities to the EU, 
to the importation of European health fears by these countries. This situation should 
not be viewed as the adoption of ‘postmodernism’ by these countries, since the lat- 
ter type of thought is inseparable from the ‘Western Guilt’. It seems rather to be the 
consequence of a ‘modern’ type of reasoning (although not science-based), such as: 
‘why should we, the poor, adopt a technology that is rejected by the rich’. 


‘https://www.eeas.europa.eu/sites/default/files/eugs_review_web_0.pdf. Accessed 5 June 2023. 


°’ https://www.unav.edu/documents/16800098/17755721/DT-05-2018_EU-soft-power.pdf. 
Accessed 5 June 2023. 


'https://www.academia.edu/30914935/Is_there_a_European_Soft_Power. Accessed 5 June 2023. 
' https://cepa.org/article/europe-too-soft-not-enough-power/. Accessed 5 June 2023. 


'? https://european-union.europa.eu/priorities-and-actions/actions-topic/environment_en. 
Accessed 5 June 2023. 

'3 https://commission.europa.eu/live-work-travel-eu/consumer-rights-and-complaints/sustainable- 
consumption_en. Accessed 5 June 2023. 

14 https://www.efta.int/eea/policy-areas/flanking-horizontal-policies/consumer-protection. 
Accessed 5 June 2023. 


'S https://www.beuc.eu/blog/the-eu-has-become-an-environmental-policy-champion-time-to-go- 
the-last-mile/. Accessed 5 June 2023. 
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8 The EU Commission Report on Gene Editing 
as an Example of Postmodern Framing 


On 29th April 2021, the European Commission published a report regarding the 
status of what is called ‘New Genomic Techniques’ (NGTs, i.e. gene editing) under 
Union law.!° This report includes excellent overviews of research and innovation, as 
well as of risk assessment in this field. 

Interestingly, it also provides an illustration of the postmodern views dominant 
in the EU. This report appears rather positive about the potential benefits of the gene 
editing technology, but is not considered an asset for some kind of European power 
(industrial, agricultural...). Instead, gene editing is viewed as a potential contributor 
to its own pre-set goals: “Several of the plant products obtained from NGTs have the 
potential to contribute to the objectives of the EU’s Green Deal and in particular to 
the ‘farm to fork’ and biodiversity strategies and the United Nations’ sustainable 
development goals (SDGs) for a more resilient and sustainable agri-food system”. 
Similarly, when benefits for farmers are mentioned, such as “...plants more resis- 


tant to diseases...”, it is in a context “of reduced use of agricultural inputs (includ- 
ing plant protection products)“, i.e. more constrains imposed on farmers by the 
EU policy. 


The following sentence also illustrates the framing of the Commission: “The 
Communication on the ‘farm to fork’ strategy stated that new innovative techniques, 
including biotechnology and the development of bio-based products, may play a 
role in increasing sustainability, provided they are safe for consumers and the envi- 
ronment while bringing benefits for society as a whole”. One can wonder whether a 
technology can be proven “safe” and whether any technology in its initial phase has 
ever brought “benefits for society as a whole”... 

The following sentence illustrates that the Precautionary Principle is not viewed 
as a guiding tool for risk assessment, but as an aim in itself: “Directives 2001/18/EC 
and 2009/41/EC [on the contained use of genetically modified micro-organisms] 
share very similar aims (protection of health and the environment, application of the 
precautionary principle)’. The report does not mention that NGTs could be impor- 
tant for ‘European power’, which as discussed above is not part of the EU ideology. 

In Sect. 4.6.2, the report summarizes the view of “Stakeholders that see benefit 
in NGTs” and, in Sect. 4.6.3, those of “Stakeholders that do not see benefits in 
NGTs”. It concludes that “Stakeholders are divided on the need to maintain the cur- 
rent legislation and reinforce its implementation, or to adapt it to scientific and 
technological progress and the level of risk of NGT products.” In a somewhat utopic 
view, the report states that “...efforts should be made to reconcile opposing views in 
order to find common ground to address the issues identified in this study”. 


IEC study on new genomic techniques (2021), https://food.ec.europa.eu/plants/genetically-mod- 
ified-organisms/new-techniques-biotechnology/ec-study-new-genomic-techniques_en. Accessed 
5 June 2023. 
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In a relativist (postmodern) framing (but it could simply be a political tactic), the 
report does not attempt do separate what is true and what is false. It simply wishes 
that “Finally, more effort should be made to inform and engage with the public on 
NGTs and assess their views”. 

Recently, a document from the European Commission proposes new approaches 
to regulating NGT plants. This proposal states that “the Union GMO legislation is 
not fit for the purpose of regulating the deliberate release of plants obtained by 
certain NGTs’’."” In line with the 2021 report by the Commission, gene editing is 
viewed as “a possible tool to increase sustainability”, that is to say its own pre-set 
well-thinking goals. However, a certain recognition of the reality of the world can 
now be observed: “the Covid-19 pandemic and Russia’s war of aggression against 
Ukraine have also revealed the EU’s external dependencies’. It also mentions that 
“The Union risks being excluded to a significant extent from the technological 
developments and economic, social and environmental benefits that these new tech- 
nologies can potentially generate”. In addition, regarding Sustainable Development 
Goals (SDGs), SDG9 (industry, Innovation and Infrastructure) is now specifically 
mentioned. Furthermore, the general objectives of this draft include to “enhance the 
competitiveness of the EU agri-food sector’, while keeping (as expected with regard 
to the above-mentioned domination of a postmodern framing in the EU) the refer- 
ence to the Precautionary Principle, the Green Deal and the Farm to Fork and 
Biodiversity strategies. Whether these economic objectives will clash with sustain- 
ability objectives remains to be seen. 


9 Conclusions and Perspectives 


As discussed previously, “The EU has thus given the absolute priority to consumers 
and perceived environmental care, based on good intentions and moral values, but 
to do so it has indulged itself in excessive regulations for ideological reasons” [8]. 

In this context, it is unlikely that the EU will take into account scientific facts 
presented in a ‘modern’ framing of truth. This implies that scientists, in future nar- 
ratives, should also put forward ‘values’ not merely scientific facts, bearing in mind 
that in the foreseeable future modifying the EU directives will not be possible if this 
contradicts the spirit of the European “Big Principles’ and primarily the Precautionary 
Principle. 


VEC (2023). Proposal for a regulation of the European Parliament and of the Council on 
plants obtained by certain new genomic techniques and their food and feed, and amending 
Directives 68/193/EEC, 1999/105/EC, 2002/53/EC, 2002/55/EC, and Regulation (EU) 2017/625. 
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX %3A52023PC0411. Accessed 12 
October 2023. 
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Tomasz Zimny 


Abstract This chapter presents potential consequences of the adoption of strict 
detection, identification or traceability requirements in the EU legislation regarding 
NGT products featuring single nucleotide variants. The context considered encom- 
passes changes in the biosafety legislations not only in countries which were tradi- 
tionally accepting of modern biotechnology products, but also in countries which 
were reluctant to use classic GMOs. Due to shifts in the approach to the regulation 
of NGT products not featuring stable inserts of foreign DNA, the EU risks becom- 
ing an isolated market with provisions not harmonized with those of its various 
trade partners or falling into a situation where regulated products officially not pres- 
ent on the market will enter due to a lack of efficient detection and identification 
methods and enforcement systems. Recent changes in the laws of such countries as 
Nigeria, Kenya or Japan are presented, as well as the recent jurisprudence of the 
Court of Justice of the EU. 


1 Introduction 


Following its study on the legal status of new genomic techniques’ (NGT) products 
in the EU [1], the European Commission (EC) embarked on a mission to reform the 
current legislation on GMOs in order to facilitate the development and marketing of 
NGT products and to introduce an act, in which the level of regulation would be 
proportional to the risks related to the use of a given NGT product. The study con- 
siders NGT products as GMOs including: products of directed mutagenesis tech- 
niques, products of cisgenesis and intragenesis, as well as products featuring 
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interventions in the genotype without changing the nucleotide sequence (epigenetic 
changes). The situation occurred in the aftermath of the C-528/16 judement [2] of 
the Court of Justice of the European Union (CJEU), where the court opted for a nar- 
row interpretation of the exemption of mutagenesis products from the GMO legisla- 
tion, limiting it only to products of such methods, which were widely used at the 
time of adoption of the 2001/18/EC Directive on the deliberate release of GMOs 
[3]. After the publication of the study of the EC, the CJEU was tasked with deciding 
yet another legal problem resulting from the sentence of the former judgment — 
namely whether the mutagenesis exception in the 2001/18/EC Directive applies to 
products of random mutagenesis in vitro as well as in vivo. The response of the 
CJEU states that the exception should be interpreted “as meaning that organisms 
obtained through the application of a technique/method of mutagenesis which is 
based on the same processes of modification, by the mutagenic agent, of the genetic 
material of the organism concerned as a technique/method of mutagenesis which 
has conventionally been used in a number of applications and has a long safety 
record, but which differs from that second technique/method of mutagenesis by 
virtue of other characteristics, shall, in principle, be excluded from the exemption 
laid down in that provision, provided that it is established that those characteristics 
are likely to lead to modifications of the genetic material of that organism which 
differ, by their nature or by the rate at which they occur, from those obtained by the 
application of that second technique/method of mutagenesis. However, the effects 
inherent in in vitro cultures do not, as such, justify the exclusion from that exemp- 
tion of organisms obtained by the in vitro application of a technique/method of 
mutagenesis which has conventionally been used in a number of in vivo applica- 
tions and has a long safety record with regard to those applications” [4]. 

In other words, the CJEU stated that the rule of thumb is that if a mutagenesis 
technique deviates in terms of efficiency or potential for modification from methods 
conventionally applied in 2001, then its products shall not be exempted from the 
GMO legislation. However, the fact that random mutagenesis was performed in 
vitro does not seem to justify such a notion. 

It is not the goal of this study to perform a thorough and rigorous interpretation 
of the judgment. Rather it serves as another iteration of conceptual problems the EU 
institutions need to solve, when faced with the matter of the current GMO legisla- 
tion [5]. The criteria for exemption of certain products of mutagenesis from the 
legislation seem to be connected with the time of the development of the method 
that brought about a particular mutation and the efficiency of the method. Given the 
fuzzy nature of such criteria, it is not surprising that the EC has decided to amend 
the current legislation. The recently published project of a new regulation on the 
matter, which envisages a confirmation procedure for products featuring minor 
changes (NGT type 1 plants) and their exclusion from organic production, as well 
as the questions regarding traceability and detection of NGT products posed by the 
EC in a recently closed public opinion poll [6], and also other activities, such as the 
recently closed Horizon Europe call for the development of new detection methods 
on products derived from new genomic techniques for traceability, transparency and 
innovation in the food system [7], suggest that the institution wishes to introduce a 


33 NGT Plant Products in the EU. The Postulates, The Outlooks, and Possible... 547 


system that would at least feature some sort of detection and identification mecha- 
nism, possibly also labelling, even if the provisions relating to the introduction of 
certain NGT product to the market were to be relaxed. While such solutions might 
be based on a wish to honor consumer choice, and address safety concerns, the 
technical difficulties connected with the performance of detection and identification 
of NGT products featuring point mutations, together with the regulatory tendencies 
in third countries, might lead to some undesired consequences. The success of any 
reform of the current legislation is also not guaranteed, since the recently leaked 
internal EC documents show [8] that the Commission is concerned about several 
issues connected with the reform, such as its influence on organic farming, the pub- 
lic rejection of GMOs in general and other issues, which might become an obstacle 
to the adoption of any amendment of the current laws. 


2 Problems with Detection and Identification 
of NGT Products 


If the EC fails to introduce a reform of the legislation, which would somehow 
exempt NGT products from authorization procedures, or if the reform will contain 
a relaxation of the current provisions but with the maintenance of detection, identi- 
fication, traceability or labelling requirements, the compliance with such require- 
ments might be technically challenging. Some researchers advocate a rather strict 
approach to the use of such techniques, including case-by-case risk assessment and 
inter alia whole genome sequencing for the detection of potential unintended con- 
sequences of editing [9]. Others seem much more skeptical as to the feasibility of 
such postulates, particularly, when it comes to detection or identification of prod- 
ucts featuring single nucleotide variants, as well as the ability to prove that a given 
mutation (even if detected) was caused by a regulated technique rather than by an 
exempted one (e.g. random mutagenesis) or was spontaneous. 

Detection of single nucleotide mutations in plant material, using PCR methods, 
depending on the method used, might require previous knowledge about the edit or 
might require data about the sequence surrounding the edit [10, 11]. It is also pointed 
out that even whole genome sequencing supported by bioinformatics and database 
access might be prone to errors especially for heterogenous samples, and that the 
efficiency of such detection methods also depends on the size of the genome that is 
being sequenced, making detection of potential contaminations in samples of such 
species as wheat or maize, less feasible [12]. 

These problems will gain practical significance with a broader adoption of NGT 
products featuring single nucleotide variants or even lacking changes in the nucleo- 
tide sequence, worldwide. The lack of applicability of existing laboratory methods 
for enforcement has already been stressed by the ENGL. It needs to be noted that, 
should EU legislation not change, unauthorized NGT products in the EU will be 
treated as unauthorized GMOs and essentially banned from the market. Should 
some requirements regarding detection, identification, labelling, coexistence with 
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conventional varieties remain, these will need to be enforced somehow, in a situa- 
tion of lack of easily accessible, efficient and economic detection methods. Such 
outcomes, in the context of trade exchange with the currently biggest producers of 
GMO products imported to the EU have already been described [13]. It seems how- 
ever that the problems might also apply to exchange in agricultural goods with other 
countries, which were hitherto reluctant to introduce classic GMOs, but have 
decided to relax the legislation or even exempt products featuring single nucleotide 
variants or not featuring stable foreign DNA inserts. 


3 Situation in Third Countries 


Countries, which are already well known for excluding certain NGT products from 
their GMO legislations, such as the USA, Canada, Argentina or Brazil [14, 15] have 
introduced changes in their legislations that will be difficult to harmonize with an 
EU solution that will require the authorization of such products and more impor- 
tantly their identification through molecular methods. Also, several countries, which 
were so far reluctant to adopt products of genetic engineering, are changing their 
policies in such a way that they allow products featuring single nucleotide variants 
to be less regulated than classic GMOs. 

Some African nations have been reluctant to adopt the GMO technology [16], 
partially due to the restrictive policies of the EU, a major trading partner in agricul- 
tural goods. However when it comes to NGT products, some African countries are 
adopting policies, which are more permissive for plants featuring single nucleotide 
variants or more generally: mutations akin to those achievable through random 
mutagenesis or conventional breeding. For instance Nigeria issued new guidelines 
regarding the procedures for administrative handling of certain NGT products in 
December 2020 [17], according to which the applicant shall receive a biosafety 
approval if the method used for obtaining a product does not involve recombinant 
DNA or if such DNA is not present in the final product [see also 18]. 

Kenya issued an interpretation of its existing legislation [18, 19],: “modifications 
by inserting genes from sexually compatible species and where regulatory elements 
(promoters and terminators) are also from the same species; deletions/knock outs 
provided that there is no insertion of foreign genetic material in the end-product; 
processed products whose inserted foreign genetic material cannot be detected; — do 
not fall under the Biosafety Act, which would otherwise require them to undergo an 
authorization procedure. The applicant is expected to submit an Early Consultation 
Form to the competent authority, in order to determine whether their product will 
fall under the biosafety legislation or not.” 

Japan is another example of a country introducing a leeway for products of 
directed mutagenesis without stable inserts of foreign DNA [20]. Relatively recent 
amendments to the biosafety policies provide that food products derived through a 
gene editing technology that do not contain remnants of foreign DNA fragments 
(e.g. SDN-1 products) fall under a notification rather than authorization procedure, 
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hence do not require to go through a safety assessment procedure. Conventional 
crosses with such plants do not require to be notified anymore. This solution, based 
on a preemptive confirmation of status, results in a release of certain products of 
gene editing and their progeny, to the market, without a requirement for traceability 
or any sort of identity preservation. Hence their products can freely circulate on the 
market, once they were initially notified to the competent authority. This step means 
that SDN-1 products would not fall under the legislation [21, 22]. In Japan classic 
GMOs can be authorized for cultivation, but their use would subsequently be 
thwarted through the decisions of regional governments, who had the last voice in 
the matter [23]. The currently adopted solution allows developers to avoid the 
administrative burdens to a large extent and some gene editing products were actu- 
ally already accepted according to the new provisions, most notably fish [24] and 
tomatoes [25], which were already placed on the market [26]. 

Similar provisions were also adopted in high volume GMO trading countries. In 
Argentina and Brazil, it is the introduction of a stable construct of foreign DNA, 
which determines the regulatory status of the product [13, 14]. In the USA exemp- 
tions are inter alia: 


— products featuring changes resulting from the cellular repair of a targeted DNA 
break in the absence of an externally provided repair template; 

— single-base-pair substitutions or the introduction of a gene known to occur in the 
plant’s gene pool 

— achange in the targeted sequence to correspond to a known allele of such a gene 
or to a known structural variation present in the gene pool. 


The consultation or notification of the authorities is not mandatory [27, 28]. 

England and Wales have also introduced relaxed provisions regarding field trials 
and marketing of “precision bred organisms”, which could have been obtained from 
traditional processes [29]. 

Such solutions, as the ones presented above will likely result in products derived 
through e.g. SDN-1 techniques to fall out of the legislation, and are not required to 
meet the provisions associated with classic GMOs, such as traceability or develop- 
ment of detection or identification methods. 


4 A Global Conceptual Shift 


The situation presented above — where not only countries that were liberal towards 
cultivation and other use of traditional GMOs relax their legislation, but also coun- 
tries, which used to oppose the use of such products for various reasons — consti- 
tutes a conceptual shift, where the need for regulation is altered significantly. 

The EU is a trendsetter in the case of many technological standards, in that entre- 
preneurs from third countries tend to comply with the EU-set standards, due to the 
size of the common market and the purchasing power of EU citizens. Complying 
with such standards seems economically more viable than being effectively locked 
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out of such a market, due to lack of compliance. A recent example of this phenom- 
enon was observed with the introduction of the USB-C port as the common charger 
port for all phones and tablets [30], which resulted in a decision to install such ports 
in iPhones, a step hitherto resisted by the manufacturer. In the case of “classic” 
GMOs the EU was also a de facto trendsetter for many third countries, which would 
prohibit the cultivation and often other uses of such products in order to prevent 
accidental influx of such products to the EU and so as to not to endanger their 
exports to the Union [16]. This seems not to be the case anymore, at least when it 
comes to NGT products featuring single nucleotide variants or lacking stable inserts 
of foreign DNA. In this sense the EU instead of being a standard setter is at risk of 
becoming an isolated island surrounded by regions with a fundamentally different 
approach to NGT products, namely a permissive rather than a precautionary one. 
This scenario is more likely to be realized if no changes are made in the current 
legislation or if the changed legislation will still require detection, identification, 
labelling or coexistence measures for such products. In the latter 2 cases, two not 
mutually exclusive scenarios can be presented for the behavior of foreign exporters, 
local importers or operators of those products. Firstly, they might attempt to adhere 
to the restrictive provisions, which might result in increased costs as well as lower- 
ing the competitive position of their products on the market. The development of a 
rigorous documentation system for all the steps of the production chain, capable of 
creating a reliable paper trail for each imported product would probably be required 
to support compliance with such provisions. Secondly, some entrepreneurs might 
choose to ignore such requirements, counting on the lack of rapid detection methods 
and a general lack of efficiency of the enforcement authorities in the detection of 
NGT products. The latter scenario might result not only in formally “unauthorized 
GMOs” circulating in the common market, or even authorized products not being 
properly labelled, but might cause damage further down production chains, if unau- 
thorized products get eventually detected at the later stages of processing or market- 
ing of processed products. A situation, where such plant material is used in breeding 
activities and is only later detected as a component of registered “conventional” or 
organic varieties needs also to be considered. 


5 Conclusions 


While the final shape of the new EU legislation regarding the development and use 
of NGT products is unknown and its fate also remains uncertain, the latest CJEU 
jurisprudence did not bring about any significant change to the existing status 
quo and the proposed legislative changes still feature authorisation procedures and 
labelling of some products, such as reproductive material of NGT type | plants. 
Concurrently a conceptual shift in the approach to NGT products featuring single 
nucleotide variants takes place in third countries, in that such products are no longer 
considered to be GMOs requiring strong regulation. This phenomenon becomes 
characteristic not only for nations, which were traditionally accepting of modern 
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biotechnology products, but also in countries, which were reluctant when it came to 
the adoption of classic GMOs. This shift might result in serious practical problems 
for EU entrepreneurs and enforcement authorities alike, due to practical problems 
with the development of efficient detection methods and also might lead to a situa- 
tion of legal fiction, where certain products, although officially regulated, will cir- 
culate on the market due to the aforementioned deficiencies in cost- and 
technically-efficient detection and identification methods. 

This work was financed from a National Science Centre Grant no: 
UMO-2020/39/D/HS5/03 144, Transformation of biosafety legislation in agriculture 
in the EU law and the laws of its selected trade partners, with respect to the scientific 
development. 
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1 Technology 


Genome editing in plants is often referred to as precision breeding due to the precise 
nature of the methods used compared with some other genetic modification 
and mutation breeding techniques. Genome editing technologies exceeded initial 
expectations as a tool in plant science and breeding and are quickly adopted in most 
life-science laboratories as a precise and high-throughput tool for targeted crop 
improvement. They became the method of choice in many research studies. The 
future of genome editing relies on expanding the technology toolbox with more 
efficient multiplexing and high-throughput strategies, applications towards chromo- 
somal rearrangements and epigenetic changes together with more tools for efficient 
delivery of editing components and regeneration of edited cells. 


2 Crop Improvement 


Genome editing has already been applied for numerous trait improvements in 
crops. By now, there are more than 100 applications of genome editing on at least 
28 different plant species, some of which have been described in this book. In planta 
genome editing methods still need to be optimized in a broader range of plant 
species before to achieve a significant commercial impact. This especially stands 
for time and costs related to the development of specialized regeneration protocols 
for individual plant lines. It is therefore important to broaden the targets for crop 
improvement by gaining knowledge about biological processes and genes involved, 
as well as the interaction of biological processes with the environment. 

Although being known as a very precise technology, off-target, pleiotropic 
and other unintended effects have occasionally been reported. The regular plant 
breeding procedures, however, are expected to manage this by careful screening 
and testing of new breeding lines through several generations prior to multiplication 
and commercialisation. 

Technical innovations will expand the genome editing toolbox and further 
strengthen its technical and economic advantages in crop improvement. However, 
genome editing will still mostly complement rather than replace conventional plant 
breeding methods in crop improvement. Further applications of genome editing 
technologies in crop improvement depend largely on the economic and legal frame- 
work, as well as public perceptions of the technology itself. 


3 Regulations 


Government regulation for new genomic techniques (NGTs) that comprise, among 
others, genome editing must be science-based, predictable, risk-proportional, and 
harmonized with international trading partners. Harmonization and predictability 
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would reduce investment risk and increase spending in R&D whereas risk- 
proportionality would balance the costs of respective innovation with the social 
benefits secured through risk avoidance. That is why it is important that appropriate 
and science-based policies and regulations are in place that allow rapid and thor- 
ough assessment of any risks associated with the products of. 

A recent draft European Commission proposal in July 2023 defines an NGT 
(Category 1) plant as a plant obtained by directed mutagenesis, cisgenesis, and 
intragenesis, that is equivalent to a conventionally bred plant and does not contain 
any genetic material imported from outside the breeders’ gene pool and contains a 
very limited number of changes to the plants genome. Therefore, the Commission 
defines NGT plants as GMOs that do not contain any “foreign” DNA. For NGT 
crops, the Commission introduces two categories that are regulated differently: 


1. Category 1 NGT plants do not differ from plants from conventional breeding 
and/or could have arisen through natural or conventionally induced mutations. 
They are considered GMOs equivalent to conventionally grown plants provided 
that they meet the criteria further defined in Annex I. 

2. Category 2 NGT plants are all other NGT plants that do not correspond to 
Category 1. The European Commission proposal specifies that plants which 
have acquired a herbicide-tolerance through gene editing always fall under 
Category 2. 


According to the draft document Category 1 NGT plants are exempt from the exist- 
ing GMO regulations. From this it can be deduced that Category 1 NGT plants are 
not subject to any specific risk assessments for health and the environment and will 
not require monitoring, labelling or traceability along supply chains. However, 
Category 1 NGT plants (and their products) are not unregulated. They will require 
notification to the relevant competent authority in order to allow confirmation of the 
categorisation before release or marketing. In addition, regulations governing activ- 
ities with conventionally bred plants apply to them and -depending on the type of 
modification- other obligations such as imposed by the Novel Food Regulation 
(EU) 2015/22 must be met. 

For Category 2 NGT plants, there are different procedures for release and 
placing on the market. The approval process is the usual GMO procedure based 
on the guidelines for genetically modified organisms (VO (EC) 1829/2003) with 
associated detection methods and traceability. 

This proposal would potentially bring the EU more in line with regulatory 
authorities from other parts of the world and facilitate the commercialisation of 
many genome edited crops. This is especially important for controlled release of 
products of new breeding systems and technologies in field trials to assess the per- 
formance and net contribution that new varieties can make to sustainable farming 
systems and for environmental impact assessments. NGT varieties could also be 
assessed for their contribution towards managing crop production in relation to cli- 
mate change and other externalities influencing food production and supply chains. 
However, while this proposal finally provides a concrete basis for an adapted regu- 
latory framework, it will take several years before the new Regulation will be 
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finalized and become effective, meanwhile stifling the dynamic research, develop- 
ment and market environment. 


4 Public Perception 


Public perception is one of the critical parameters influencing the development and 
commercialization of plants produced with the use of NGTs. General positive atti- 
tudes towards genome editing, both in the public and stakeholder acceptance, can 
support the implementation of relevant regulations in different countries. Like the 
legal situation and state of genome editing that is diverse worldwide, the public 
perception of plant gene technologies differs across regions. These differences in 
opinions are not grounded in science but rather in politics, psychological, social, 
cultural, personal and economic factors. 

Engaging citizens in the development of innovations in life sciences is critical, 
and there is a potential advantage in communicating biotechnology and genome 
editing to society. The engagement of scientists and experts in public debates about 
the future of NGTs is crucial and may encourage scientists to make more effort 
in public debates regarding the benefits of genome editing products. Scientists, 
policymakers and entrepreneurs should create more opportunities for the public to 
participate in relevant meetings and activities (e.g., citizen science projects). 
Moreover, these interactions facilitate monitoring shifts in the acceptance of NGTs 
by the public. 


5 PlantEKd 


The COST Action PlantEd (CA 18111) has since 2019 brought together scientists, 
plant breeders and other stakeholders to discuss many aspects of plant genome edit- 
ing and this book reflects many to the issues considered during this Action. In a 
survey circulated among the 608 experts involved in PlantEd to estimate the value 
and impact of the network, 90% agree (completely or somewhat) that they have 
obtained new ideas and knowledge about plant genome editing by being part of the 
PlantEd network, 86% agree that they have obtained new connections and potential 
collaborators through the network, and 88% agree that PlantEd has contributed to 
the development of plant genome editing in Europe and beyond. This emphasizes 
the importance of the Action itself, as well as the importance of constant delivery of 
broad knowledge about genome editing technology to general public and stakehold- 
ers. This should facilitate the adoption of NGTs in crop improvement and agricul- 
tural production that should further contribute to food security and sustainability of 
agricultural production in changing climate and unstable market conditions. 
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